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(carried out under UP 543ý)

AbL tract

b

A series of light, metal plate.3, called "Tip.Ani,, ;.crkens 11
were f ired at by c- lI1br .30 unl .50 projectilos. Tipping scrcens
of duraluminum, steel, brass, co?:.oer and soft ailuminum here te(Eted
at angles of impact from 00 to bO0 . The yaw of the projectile
was measured just prior to imncot with the scret.n in.i for some
distance bpyoni.

It was fomnd that, a relatively light screen will produce a
Slarge yaw, 400 to 600, but thAt a distance approximitely eqvial to

1/2 of an ordinary semiperiod is required for the yaw to develop.
The yaw produced by the 6creon ij indepon.Jcat of the angular velocity
and yaw of the projuctile at the time of impact. It depends on the
material, thickness, and angle of impact of the screen, and the
physictil properties of the projectLte. The variation of tipping
with thickness and tingle of imp',ct is complex, and cannot be
given by a simple formula. The opt imum material of those tested
is duraluminum; however, the steel qhos. promise of equaling tn.i
perforinance of the duraluminum if its strength-wei,.eht. ratio is
increased sufficiently. A mechanism by which the screen tips the
projectile is proposed, :-..n the results are analyzed in riccordance
with this hypothesis.

S

.I



INTRODUCTION

-1. P.IL0;AP1fY Ui TIPPING bCR1. Nb4:

, . "The yvaw Qf a projectile is vreatly increased fter
the projectile penetrates a dense obstacle placea in ito
path. A delicate b-.lance exist.; between the itaoiiiint:
arnd destabilizing forces acting in normal fli;nnt, and any
impulsive forces of the ra.n1.tude Uivolvea in ýouliu oudy

"* i;.pact mutt upset this balance completely uuri-g ui'e inrterval
i.n which the bu:llet p-asses through tnh obstaclo.

If the projectile strikes armor plwe aftcr oixing yaweu,
its ability to penetrate the pl,,te is reduced in proportion
to A.e amount of' yaw. The projectile in yawed flifght presents
a much lzrgor projected arez, to the armor plate than i head-ui
fl£l-ht. and h.x to punch a correspondiA;ly larger hole in order
to penetrate completely. The increase in u'ffecUiwv bc.liiitic
limit with increase in incident yaw ij 1,uite ;i.A•ilr to the
increase in b.llistic lim•it with angiu o.k' impcit.

The two eftects mentioned above combine to sug.est a
type of armor plate which, i: properly coiitnwLeu), 'woulu be
Superior weight for weibht to the usual solid plite. A
reiatively light piece of armor would be placed Lo as to
intercept the bullet first. Its f"uction vioLCd be to iinp•rt
a sufficiently large imnpulsive couple to Uhe projectile .o
that its first maximiz yaw would reach an a•:plituae of' some
50 degrees or greater at the W-ilf deriud oeyoana the tipping
screen. bpeaking loosely, it would "tip" Lhe bullet. 1)ecause
of this unique function, this front light *ir•ior plate is
called a "tipping screen". Beyond the tippin6 screen a heavy
piece of armor would be placed at the po:Itioii of maximum yaw to
actually stop the projectile.

The function of the tipping -%creen and Ulke Lrmor plate
are entirely seoarcate. Thib aistinction shoulu be cLearly
understood in order to appreciale the plUilosophy beaind
:omposite armor of the type propobes. The tippiii, ,creen
serves only to impart a sufficient impulbive tov.,ue to .,ie
projectile to increase its maximuum yaw to a hizh value. It
is not intended to retard or danmage the projectile, inough
this may occur incidentally. The armor plate is relied u!'on
to stop the projectile. Conse 1uently, the tLipping screen
should be only heavy enough to carry out its tipping function.

*2. S6LEJTION OF iMAT11i{TL:

One inight sugest many materials whiich wouia serve
this purpose, but little experimental eviaence i5 av:,ilabie
on-which to base an intelligent selection. To tlhe autnor's
knowledge, noq1anLtative research has been uarried out prior to

:'S
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thl present investiscttion. In viev" of bni' .c_• . tthe
fact tiIvn the problem L'al1s pri.:-,;-.krily inlo .n ii 1c.ýr ink;
catoegory, a purely t..1ic. unthoa of is ju.Ljustified.

3. OMa•INAL I YPoTMU!lb:,I

ltovwevcr, before star~inr on the extensivc program
thot the etipi.:ical Tiethod Uewandz, it waix felt %ýoLth~hilO to
see whether the behavior of tiiw ti.in; vcreen mighr be
predicted partly on a theoretical basis.*

As the projectile approaches the tippin, sertwan, iL iS
inclined at some 5imtll ii,;le of yaw., to its direction of
motion. If the screen is normal to wie projectilels tra-
jectory,- then it is possible to visualize L~n iapul.,ivu couple
AT, acting on the projectile, given by

AT f 1 sin 60

whore b is the yaw on striking thie screen, hereafter0
designated as the "initial" or "incolent" raw, 1 i. a
characteristio length, and f is a factor of proportionality,
as illustrated in the aocompanying sletch.

)I

* Mr. R. R. leat &vd Ar. •. P. 01tchaaok augested the orinal
hypthsati, Refer to f. a !Pr 1.'



The Jcyitud(1.- of til yi~i boyon(L the titpAik. !sreOllxiuU
bero.ughly projportuiona3. -o Llwo .IaPILa~ive Coupiu" 1.:.dd hleh~cc

to the initial ywif the a~inplittude of 'Lhe yaw~ be-,yibd is
lar-e conip5xed. t'o :ioru11,.iJ Mat J.1A

whare 6 i L- the vulue Of the first :naximixua ytivi beyondt the
screell Widr is a constant tile vi.lue of which (LOvCflthS onl
all. 11he -other'. paramneterr, involved,

11± experliaenta). conditionb are he'La ft~i roi ole.
miateriJ.ý. to the iwxt, ia is, if the a.-JUile.1, :-I-l ___c-L

of the projectile z iie tl uei~ %A~ 'A
1ý o tho scre~en are kupt tihe same but only thie mate~L

fro viic Ul screen iL; mý-de is ch411,60u, Lhullk. i a 0iale
of* merit of tile tippit screen's beha~vior.Te ren
having tho greater K woulA kivo Iýie beitter pel-fortuuince. To
select the optimiza n aterial, it shouia onily bu nee.;;stry to
test a i=Wnber of etrnul vieight bacreens of' the !whtorialS,
a-ppearinrg to hz-ve thu gx'eý.tost pro~Lai,'e ai-it LA) deteVrliihe thle
onle w~ith tlhu L-reast k.

It is appropriato to maention at Wfi.s ýOillxuL 1h40
experinten-tal evidence obtained proveua tlmit trkii hyi1.,tliCz;iS
is; incorrect, 'at .lea~st for t~w2.l yi-;, UotNtvcer,, .siace Lli.S
hypothei;i3 juitified p),-rt of tile expcri.iientzi techni,,ue u:sed
and apparod. to bQ J1u&iAUle. iai oii, i~;'i~cit:; -ia

ad eiiuato ic~iu even thoutlh incorrec I.,

"'lhe uictuL'lia.fatioi of k~ retj;uir%34 a& acuc ite wceasurenac-nt
Of tile yavý, before and after tile 'spn~ crt~. Thle a~w after
was 1..rge canu was eacily hleaiiurea by y".-, czarCds Tho yaw
before was small aid. mneasureinunts froma yav., cur%! wou~la be
subject to conisiderL.ble erv'or. In view of tile Ui~rect doe-
pend~ence o. C kon the va.lue of o, pLUirdo erro;-: inv 6 cuu.u.
not be toleruted. Conse,,uezitly, l6 was iaea~jilled iiou~'~
photoGraiphr td.uL-en directly in froiiý of the tiptiu:L11eri

In addition to the optimmuu iilaterial for' the tipping;
screent, the optiratui shape isi requirea. The- iiicrtý.cse in the,:
balliz2 tic li,;iit olf armor plate with ang-lo of impact ~et
tilat thle tiLppin.; screen 1ni2,ht prove more effective i1ACi.UeLL
at solue allgle to -Lhe triAjectory. In manay pl~ces in uircra"-t, ii,
is feasible to incorporate the tipjp±jg screen into tiie
structure icliciinedi at zin afl~iO to -Lhe priflcipka di.±ection

W ~~of attackC ana thus use u ilghter bcretrn ti-U.n oW IG- eU~
nor-mal. For example, the szin itself -;c-y pr-ove eff..:c!tiv(-,
as a tipdiin:; 6croen. of coursie, tie projcted v~eight of'



tesr'uincroases .v th i ts 3 1, 1e oxab:liq.uit, bu t.he
;a~biiy exists that tlie arLesultant tippin~ incr~eusvL

-faster than the 'projectud weigit Cons-e. ue.ty h
.-tippipl.'sor~eons wiere t es te d at a serie6 of' af~lelsof 3.1!1~ct

*ranging f rom normal to.'600.

. PA C L14AI'N

On tingent li~mitationi of tctippia,* ucCrceL-
compovite type of arnaor-is iuum1edi -t+ 1 ~rent *The tipvi~ng

*screen does not tip ". r~ tile to ::,tny ~y~ibio :-iujle
of yaw as it iý-AVtoat i the serven. it ir~rv;ly W1x~t ~t
.i.mpias .ve 4AJýL to the )ro~ectiLle. '1he impyui~iVe couple
expnd i'-t'f;1-Tby increas;iiu the normiuw..l yziw. A!3 a coiiseqUen1cej,
the yaw requires coii~ideraiole LUistance bc-foru It i'rc-s an
effective value.

Thu~ reaction between Wie impulbive eouplL. c~na tht. p.roicetilu
iL; aný,lo--ous to "'he re-poinso of it iei~hL busyellceu Dy a
to a sharp blow. The blow iu ±izxished before tnt! %.eigiht liýs
inoved ~iprf-ciably, but the energy of~ thc, bloiw, dives the
weight sLffioient m~omentum to carry it to a c,)iL:aderaLblv
diosplacenient a~i~tthe ,,u:l. of "tic J)rizaif. 'The is14e
w ent taks place in a normal n.ý 1f.)eriod. L~i,,.' arliy iin the.
citue Of. tkc rojec tile ~4iLOr' ponetratilA;g LhC ti jpiiai ýýCVIcen,
thle VOiifxftunl Y'aw a0VveloPz' i1 L-1 distLanCe t]±i~t i., 't, Order of
Ma~gnitude of' :, norimal. half period. In contra-IuistiInc-ion
to. tile case of the sprtnir, Lilt- amro~ epoziab ltivetrsely 0n~1 :
amplitude of yaw (to b~i d.Ltu~ssd latel), th_-t i;4,pthe 1Lrg;ei
tlkxE yuaw the sheurter thle j.ecrlod. Iii the e,.Be of a cý.iiber
0.50 proJectile it 500 jaiplitud~e of yaw shoirtencs the rialf9 period from 12-1/0' fttet 'to ~pixintl feet. , -i ve so,
the t.`pping ý,croen must be placed a chistance of .4 to 6 feet
in front of- the arinor plite to work~ oficctively.

lir many miliita±ry applicutiox~is, the Space rec1uir(.dL bUtwVeon
screen anid armor woiild not be allowable. Aircr&~ft ure a
uniq~ue. exception. The uirection in wilicic they are. aosit

* vul-nerable,. to attack is frori the tail. The iuselage ilavili
..many trawzverse structural ;iiambei's periaits the arilnor to be

* spreaui out along its length and thIus in th1 %rprAieto

for *the rnio~t effective protection. Furtheriaoru, t'nere .¶.
th e-poSSibility Ahi.t tta0 tipPIngIl _;Cr001 uj rih'- aerve the!

*dual. purpose of both screen and structura;l i~ietrier.

6. RQ PO OFPRI~kJT INVESTW.IGA0,N:

*The purpose of the Prkesent LnvestigL>Lion is the
determination of' the basic factorz -Qverniag tij?,Ani -creen
perforuiance. !he s -ifiant r~oi-a~aeter6 were (.1-0', folte

e,-,.crpti.~re ofN. ,)eli;:~ve to be:



(1) thei Initial, yawi of' the projectile.,
~2 he caliber. of'te~rjcie

(3Ahe Puaterial'of the tippiin(! !3creent43the 'thickness. of ,thv tipjpif-i screen.,
9 the 1%ngle of impact betw'eel IUhe korfa~xl to the

zcreen .41d tkie tangent to the tieajectlory.

* *The influaenca of these parameterb was sybteuia-,.cýly in-
vestigated over a limited rungce of valuvs. v;ithin thit;

*range 'the results are believed to be aucur"-tu .n 2~1cOux:ý!t(3ft.

ea.n be iaar~e. This iLivesti:4&d.-cou h1--,tii
Zp~iieva1 trenids. For practical cdei.:ir thiýrut, ko
be appl4ecl onCly wi thin the liiait:ý cov(;erae. 'In tlie opinion
of thie author,- one should approach the problem of tipping,
screens with the philosophy that the bai~ic laws~ gvernin.,

* their action. are not known viell eno;',k±i ao; yetu to bi, ex-
pressible. in a cooniistcrit and comprehensive :sit of ~mie
ratiatcal forrmula~e ndth;-,t eatch iiprticu1LIL r imult 1beU
investigated empiric~ally on its ovin iicritb.



JDU u -,'I~TAL .21a trtTUL) !,111'tL~J.- T Uj,

'jV11.L01 wi~~uk.ll bu *tr 1e , ior tile tai.;of aa~~ot~
graphu. The upparzitu4 was )1.zLCCU ill pujiti~on Z'1111 lWi Lý--v%.i

coi.ent fl~oor ~'nineii station~iry 1)y lcad ~i:~~.T~~ir2
tLrr~an~; eiA(vit Is sxetchiek in1 1"i~~ .1..-

-1, A -~u cu~cy type ri.i~c V'- Usu It ia .Lroe
1,roiil a (;oIIllvetio1lll V-bloc-A, mirjiitea i.n a !zivl.r±Iu3rt r-.Zt
viihich in tLurn w~as 1ioia ý ao:;:Lrou ,.L acilt froia di c .1iolr L;y

hcavy table. iAn eleiae~ittry I'ULC)il .tCLif C011 Lt3L 011twio spriI165 fastelncd týehri n n otl
gu~ard ind fZzýtciieci se-ittJ. t the utlwr ~ocliuru." pzýisiiig
ove )illy 1...d tiked t~o "-1 iuwid uiu Ln~ e seziUj' lor
c.;iiber U.30 Mainu .ýarrel 21( V-block is :3aown in Fi.-i-er 2.'

Coliber 0.30 and 0.0 Mi'Tiiu bLrrxel:; axiu V-Ulouiky~ wore (d.
Each V-blocic wa~i ali-ned befure fiIring so Lziut t.,re center
!inU Of the bore was 'accur-ttly iiurizoritaJ. -xic. aroxiiiiatulJy
perailel L~o thtie ~ sOf t1he rtin-o. T ali,;xaiiet waiuicec
f'Žquently but in alXl .-,z~ iZy cht,,e r 1)uflU to 00 of~
secondi ord~er uwa;nitufa. 6

3. M4 AMI TI 10 :

Two types Of Vrojectile.: wero firedi, the caliiber .3U
1-1,)22 A.P. anci the cal~iber .50 1-1 A.P. '-ervieu ai.uui tion
wa&s used. The v(e.locity was not measuredi, iiOwiev0,:', L~or it
is believod that smln~l diffCerences trir rai±rit occur from
rotuid to rounu in the service a.,iigunltion wou1l± live not

appreciable influence in the Vippiri,,. The mu~zzle vcloci-
ties are approxiaiatelyaoL

- ~diber 0.30, 141922ý A~.P.: 2750 ft/.soc

Caliber 0.5U, MKL jiP. '1660 ft "sec

The effLect of velocity on thte tipping was ivit i.-±vesti-
gated,0 though this probably is iidiortant if~ the vt:iLocity is~
different frýim service.
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The phys-ical. ch.,ractoristics of the LaateriaL1 tv;3ted are
divoin in f ig.. 5.

No inforfat±QrL waý available on Wihe neceis3arvy tiiokaes35

*oZ these oaterial-s to produce !ýufficielit t;ip1).Lxij, but, !iice,
* ~prouwisi21g, they were tried irt As they worked -satisi Luct-

orily, other. jauterials we~re bi&.:ea onl the durtldreut. The l/d3't
sof~t aluAinuxno Czech heluict' "eel) a~id U.0,7511 giai. L& iceJ h~tVC
close. to the same weij.;ht per unit area a.. tihe 1/6! "ur"J.
.The 0,0951 mi.lc. steel hL~s the suw.o 11gh a l4" diura.. ince
bra~s ana copper h::Xv~ the sawe w~eiont as j/811 aur;U.. The
ori-inal plan w~a3 to tet1/"anli ileavier t~uval 1; Du
to f'ailure oi. whe A~ir Corps to secure a sufficionii-1y Aig~h
priority, the heavy dura]. was never suppliu to thec Frovini;
Ground. The Li~nificance ofý Whs ic~k vilJ. Ue d~ii usseu in
the section on J./8"1durtJ.z rcult:ý.

The steel did 'not iiave ý;ufficieznt Lci:Aule st~re ,,ti to
*make it a truly representitive e~xaialt oi* wie! ttrotmj-zioeavy

Class. Its St bli"U-Ai-, i4,t ratio is Iussi than, 1/3 LliL of
th iua .d -~I I~to litt-le better th-ai tnebas

* U ~A telivn a ten.siio 6t1'ent~ti~ of 209,000 lit~i. p)er sq.oi.
would Ivive hau theo :Lame strengtkn-wiciht; r:-,tio i~i -Cie uur.a.l.

*Unfdr tuiiat lyp the Provixi6 Ground wa.- uliayie to obtuiin ;tel
sheet h.-vinzw thc.: desirct £,Arength.

The rngue oi' anile of' iiap~ct invi;ti~z.atuu viabhEor

00 to 600,9 thte anj2lue of L~pc cn U..i:C I~ LA ~ C',I
butiveena tLhe iioi'ýn "J to aio i~ ppill, 6CVcall ;11( t11 tO i to
tile trajectory. Tests ;wc!hrrieci out, at 60, ~~~
600. Aa1io~:vcr, no l Uvi~eru~ ere tusted thro.1u~j~:Li~t
the entire ranac. Where it Eieewecd amulficint, test:; weveXcc rried out at oil-. or two aiit1es only.

'orthe initial firiiný; oif caliber 0.30 a.~~*t i/.b"

1'.1u 1/811 cli ltIPP14n11 !3crOlcun,3 Vic sCl'ecin wab~ lOocutCCL
6-1/;2 feet do,. -range Xioj tho &;un, inuzzle, (Ie i.tae 1
a iioriua1 iv~lf-,period. 1If thie i-heooy izs Correct., this sholO(lI
ba tilo position of uuaximuta ,vaw. The I'iriag -sviore rei~ated
with thle screen pl1-ced at 17 feet Lto-va-ranL~e, the ~o;ition of
minitaum yav-. From an Lulu~lysi.- 01 the resaits (discubsed ill
tile section on the Bf.fect of' Inciu.ezit Yaw),, It Is clear L~hat
thle position of the screen alon-* the trajectory i5 lawwttorvial.
Yor consistency# however., all subsequenlt t'irin-s were conauc Lod
Withi tile screen at the an~ioum yaw potinozi 1.7 feet for -Lhe
caliber 0.30 projectile a'nu ;25 feet for tlie caliirjer 0.50
proj ectile.
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tin p;..nor~qt~in;. .1 brt-1.1 lit but t 11t'n 1v ~ hn';.- .14Av

-h-Letc f !'11m. Th c. n g e -w~ r, t 11, 1:. ''r sk v' t, Ah'ntt 1
Fi~rurn 1 ,rin( . !.h-togr, 'ii . In rn 't * V i *th

*'hte L )1h tf"- LWOý tih vo.; j1 j)ji' ts :.,, _)n~ 'f
tlil, rght tr ido of floor.' Qira '~ j~ on,ý -n Il. 11 'rh ."!I
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axiteinaes :aiad the sparic was t±'it-ered prordazourLaly resulti~ng
ina blank' photosgr zph. 18 %o of tho rowids weru io:;t In

this way; the callber' 0.310 behavýýa in a wcude neti
maannier -thzvn the c~dibca' 0.50. It is appro~r.late to 11ezitioc.n

-V1ata circuit has since- belen'.consitructed at zhe Provir-g GrotmdI which *ill operate properly on chtargeý; of ei.her ai.gsa, out,,
w'cirtunately., it was not -av.,ilable at the time of these

te.-,ts.

In actdi~tion to the sha.dow of the projectile, the
shadow of the su~rroxidiag! shock~ wave syste-w ia al~o cLs.t on
thle f ilm. The-rei;soxis for this und -6he oiniic'.Lc ttao
,,hock wave 6ystem are discussed in'refer~eaces 3,4 .nd 5,
"Llie wave system luts no direct 'beari~ng on the preuent prob3.um,

As cý-, be seen fl-011 Lhe pi -Cedirl- deSCription, LI-10 *p.ark
phototfraphy app"-ra-.us consists of four cotaponent 'Parts: an
antennae pickup st.. e. an amplifier with i; rectifying -7:tage.,
two hidh voltage units contvd~inia, the spark das ýaid twoI
potograpýqhic ±'ilwt; mounted in. u suitable holder. A sindle

4q* spark pho~tovrLiph givea LL pro ection of the projectile in
only one p~lane', As inentioncld previousi-ly, in urder tLo obtt.ir
aspuce o~rientation of' the proj-cýctilaq two hie,1 V`oltýLgeI

st-.ges and photogr-tphic film holders are placed at rig~ht
angles. The two spark units are triggered sisuuitaaeously
1-1omu tho. picku~p by aoiincctinEý the igniting bands onl the
two raercury flush tubeL; in pt~rullel to the SeCOILu&Lry of the
Aberdeen 63pzar4 Coil (;;ce Fi~'ure 6).# From zhe two ýorthotional
pr;ojectioný; of the projectil.J.e a siwple tri~oziometric cal-
culati~on givbs the angles of yaw ýAnd orientation (soe pa~ge.15).

The photogradJhic foilrnz Lre hold ini coriveiitioiii. pl-6-te
holders or in f'lim packs which are held in turn at r~ightI
&.nglez ro onie another in a slide frume. 61, x 10", cut filin
--nd 5" W.* 7"1 film JPicks *sere uýa ;L clozse up of wie fI'lm
packs ia tile slide~ fratae is :;hown in Fiýýure 9. The slide'
frawe is mounted in turn on the supe'rs truecture o1f a
superstructure holds thle v-~rious components of the spark
-Photogrrtphy apparatus in proper alignment. The slide frawic
is adju.~ted zo tha.t the films are held in horizozitv.1 ind'
vortical planes respectively, approximately parallel to the
trajectory, Llld so that the projectile passes iii thu corner
between the two, about 4 inches away from both plates.

In order to ineasure the p~todcted yaw~ of tile Projectile
in the vertic~al and horizolitaiiý,ilms, it iu essential to
have a reference IL-ne giving t-%v horizontal vaia vertical
pralctiozas of the trajectory. The.maeasurexc us wore nAe

-l2~ I



so close tho t m uz½ tiv't.t ec to ;)I, 2' .~t
troigerit to theo tm!Jcoct-1-17 vvh 1 se 'e ~fI e~r
Lccourm~ t rostire thu IrM Sr..Yuter'r i ~'

*Mann, aiecu i~cy hrirru1 used, s 1v ~ 11.ini11,i Lk tý,:I; 1,hee
initial. tvngetw; v C(Yo i Lent viltn Pun e-Qs, Itnetf tii
borp.

T on6v(nt1.orv,. riethc~d i'mr' 2)r), cc xtinL Tc' e'tr. I !in,
of' thfe borc i.., t', use n uet~tlcio"eftJc41

P1~lt'iin tvwo sdn..~r. r;w*in U.l~ *n ('.-ucn1 O'
taisi n~othod -xn not fnjl In th )r''-,-n bccr'j ic
thiV vertie~o1 vrvii b O-1 it,1 .IJ jrj'c tlori.,i o! Utic c ''ntr-~ lint-,
zire de3sired nath(r t1h-,'n thi' toe:, tIcri o'4 th(A oe-it: Lt'' inw,

pcrlNtoel to thon CvnJtc:r. 1.xv (e.n 1,"' L'' ~ W
s.L ttirw (in 4; 1~i t,'bio ý, ýth i vne i'ý2 of
wn ra 11el. to the co'zilto:Q 11i .' i!1QL. ..a n i .

Sdumrm.,i Mn2121 1), :''..li ~tn C ,)jn i': - *i rm C,

Je~i ini~ t"1hfl" h; ' -~. n 1 0: t*.F th tn 1'': ,d I

euw"t~ h Ls.~od t; c o t~ho' b; tr.'.- c~ .,v ~
b er nug ~l.n;ýrt the f c,.r1tjv 1 ý'"'.v

Stnsr:1i1t X'07 thr M ItS teh.'1 ;uiv -v. n n~j~~
~~~we ~ ~ ~ ~ ~ ~ tm t' h ht.1tx: l tet~ :ic~c hh'' d ''' -ie

t~lw toe cetho line .ý tf' thre,. 1 : .-

onc to cront ir of' !-.- f c'1m, Mt;t .; in m' t' t C!
bnI sl!p] a1(,flU :Tsth the )1'jettl r sg t:'i* t.T~ 'r

ol th( t'u -i Anfi.'ýrr l

Ihe Jaorluntz-l on; th. crthu1 of, th tdcr ,s 5flnK0
gr, vprU!- occe-ntrtc Gompuis; the , !"t i~ en th: rl erg- :is~
1,MVImV h toer tre oer't' of th `inre x'11L.>", 1."s Ir n' ti>

toI thie oetoti flin th9ye tho ic' ! .. vde.
12" referA et' rtrcv., arU~e mathem' oin~ V.): !i

---------------------------------------------------------------------- '--- t ~ T -g:. C.---.-.St -n

i'lll a ongwlth the )r(JvcLJ1_ s ll~.ý ..Ilnttý-_ it



thi~r; w~ire iL a true lhorizo~itial projectioii of u lino ozvxiilel
to tue trajectory. Tiaiu wir, ia front o±* theo fi'i inl the
horixzolt.i p)Lý.In is aliallad w~ith the alkvuo~ ill po.,4tiori
on the cdtuntay kani lbcrrel. 'Lli two ealUS of U-crio ±eence
wire panis inl u groove 'over th,ý' £;1uwitinrl,, i~r.v 11M
vertically, i.oitj.1ts being attached to the (;nas. The iLitiLL.C
15 slid _,long tile cross buro unitil the two hang~in6 ends
are 6een on~e end on one oin i0 the vertie.il cross-iriuir
and. the othuI end. on tGhe otlier :Aue of tile Qros-!iair kso,
dutzJ.il Sk Qtch inl f ig. 10) . The two emis of t-he reference
rwire a.re then ; ijusuted until they both coincide wihthe
vertical cross-fiair. In this way, thpy bota lie in the
vertical plane .:ýurve~yed by ',he alidzaice, honuep iIrlu 1 he
reference wuire 4 ia.l S a true vei-tical i~.ojtcLion of a
line purallol to the tratectory. 11.o attenxyt -aas ii-de to
lociate the actual trajectory itself. It wias neccu:3bJy to
measure only the yaw, The drift ~vas o1' iii CU~ccrz in -tile
present investigation.

A proceaure sim~ilzar to tht; one uescr-ibedi LLLove ra;
used to pl.tce the axis ol' the tippjan6 sort;Qn fi'raue per'pen-
dicular to the trajectory. The s5creufl bas sut at UQ anle
of attackc anai aujusted so tkw-.t it J.zy in a_ vterticU l ane.
A square was then hield. 6&ns he scrce~n Lai% *auved lutera.liy
until its~ side 1 v .)Lonaicular to tile ý;creda Coului be rzeul ill
%he field of -the aiid~ide. The t'ruuio vis roti-teu 6Li.I 1;u
vertical axis witil thi;ý e ientl of thae l~evcipuieculzar Cuge
coinciuled with the vertica.l crossu hlAir in tlie aliciLaide. Ait
this position the verti.-cýl pli;ne of Lhe .;;rvcm was por pentil-
cuiLar to the trajectory, Uria, henlcU, the ofi0 L~lu 2.1vaJ-ie

wvas aligned both iiorizoatU~ anc, perptinoiculir to te
trajectory.

Ill order to positively identifyjr ecjic ,j~huw~L oral,1
with 4ti3 correspondiag round number, a :;et of niumber:;
about 1/2" hizgh were made fromn wire ;-,nd :;Aci.ereu on tae oend
Of Smaill met;,l toobs. A strip of cciliauloo ep
stretchcd a.crb-:s the slide ±&ile i fron.t o!':~u1::l
slightly to one siae of the reforencc xJxe.~ ie iLa:bs ori
the numbera were z;`Ccr to tile tr.90, 11oiiw; ceIILL-iburz; ill
proper order to one siau of' the refel-Qcacu t ir

Ba~ch spark photogreph thows ti 1 -Ihvucltto oC Uhe
round nuaber., the reference w~ire, the projecuiil.~, ~ndt the
siqociE viave an. viaxe sy.stuuia. hpee~~ie a oxy~.
:3 lovn in -Figures -11 to 18. On the pi1Loto;rMP1n Lie '~oQ -uud
yawv waf; a1easurad frim the sicla of theo Projectile to Lkxe

reeraice 'wire by a IBrown and. 6harpe Ur_.ftscazits proiractor
Ali I ilving w afiirnto vernier. The iaccurocy 01" Uhe yaw ivi u:c

iuents-, e~timitiqý from all tiC probable, Lo-arcez; J .7 e r or1,
Sood .to Within' _ 10 ui *nUteS. If C J-. ~
the film. ini the horizontzal planle ~.nd ,t tn! -&v ~in ti- vertic.al
plane, then bthe angle of yawa, an(!y 11,lt-~ a_-nglo oif



t~in n
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A ~ )r~rtIto h:.ges mnust be~ 1!iad9 in tl'a% c~i~ of :-' *

in the 2,16, 1r1iP 'n1 4t,4 -- utnts

T~i ia3dittton to. tl-e ý:,rk hrtovr,; )1,m i-.1,10.1-1, ; i;Ij,

)f~ thc' on 1tb '- . 5) 1-oljec t.1½ -)- l, t1-;; !-. 1-11,
o c' Yoon irielined rnt (600 (Sctu 1i.J9 t) 1 '7) .

whs3 siu.)y)wted L-t the tooi -.nv1 bott-jr, 6nly! T he ~ uni t
iwws -)1a corm -)n ofl. rid e -tf the sec-c#n ;lnC the' filpi~~
tu 'th(?r t.d Io tho fth.1. toh d ~ t 11jr'idti
f£lli'. .. suf I s of roU1103" '!.rz3 thnim fiA * P

ch round w~t!.ricj, a .11ttie 1Vt'!r th:.ri l1- "11-* i;i*.Ufu
r,.nd the' .cr(eef ,-u .ýhftf tn' In Lt~r `tK(p :Ptmvi-c.") ~ :

th:v t 0,;iph1,nn *'-fitrucI.: 1-n maid s tur bu-C sac(' .,"n. hvi r

fla~h of' Itligt 'ihtLh in cv:'t.r!.n e.~ c~)t~ '.P

zeries shoiuld not bn on'(~ -, iotlon Lctm-c' -f th.-Ž

ni ulir:,u- r1tvu.iti~on. '2hýý sa!ý as u•:h:'.r~~~v['
v7sc 1.1e stiryr of. ttio ;.henowrinroi.

L !tU1.hr- fir1.cs of SlpLrik :,ho ngi',,,h -veist- i;k f-
thu caliber .30 *,roject*11a penetr'iting bi 1/1011 (ur: .(:-"'f
i~nclined qt 600. Mel -io(togrp~th-s ar'-, v'mr, stmll.,.r t,ý thr-.
.cal tboi .50 - 1/11, curtI.1 seo'1es, end, silnc(- thl'
nothing now, they are not Incl1udeC in this ruort..

6.YAW CPIDS:

vt1f., 2 ft. , 1, ft.,p 6 ft. + Aft.,, r:nnd 10 . ('q
.-Igiwe 1* me, for Lq dom-rang'ivtgt. P grc .
1 1ioto-,rzp.4c a*',1/A1 x 17!1 , " w 15LI u ni, 'ri ,- 2 -

shots coul/ h recordo~~i :-nv si~njj' rF d h 1.. no~ ecxi C1of



edge', of the, SuA:vOrt ag *irrews ',d Ju.-t,. t' 9 d ~ u tot r:
ooition aind :u' od *rs r rpfleroiveno jltV?. c ~

*or'ient ati. oil wCe. rit rs u'ie6 from~i UvWic i~ .1x1. hoLle?
Qufl~c.nd in the c')rd. 1-1,: tcc~ijnijue I ".s.1.Iry ~~r'
it~nd re, roentat tive ~m,)1os of~ th~' h01(1s r' -g.

One s&ourc: f1 unet.' ritrity tn m;~~ ~r~ n~ l''l.t
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1. PVIW026H AND ,111HO0D OkF PRESEN'TiAION.0

ýThe purpose of the present investig~ation was (1) to7 eeriethe laws governing t1-it basic behaiviour of tippinilg
Screens anid (2) to select the optimum material --nd ang,,ie of
impac o ipn screens used agttirst caliber.0 n
caliber s50 projectiles. T.ho experimental tecimique _--nd
.the materials used to atchieve this purpose liuve nireacty be~en
discussed.- Unifortun;ztely fox, any directnesu arld si~nplicity
of presentations the results show that the behaviour of
tipping screens is compklex aiid cainiot be explailned by a
few sweeping generalizations. Fir.3t., Lho results pertaininig
to the *origirnal hypothesis concerning the relation betweenI
the -i~icident and. resultant yaws will be presenited. ;ýccozid.,
-there-will be described a genrierl picture of what is be-
lieved to be a correct analysis of the wechanism by which
tipping 14 produced. Third, the results oi* the tests un

* individtial screens will be dis3cuzsed.

ewBefore :ontinuiu.ý furthei, It wild. b(_ %ei.L to derine a
far terms.

Incident yaw: the Iincident yaw, ulso cilled
the initial yaw, is the yaw measured from the spark photo-
graphs taken one foot (approxim~ate) ~i .troat of tile tipping
screen. The variation in yaw between the photograph and
the 8creen Is so :small that the incident yaw curl be tak~en
for all practical purposes as the yaw of the projectile Just
as it strikes the screen.

* kesultant yaw: the resultai yaw Ls the value
*of the first mnaximwmn yaw beyond -lie ti~piug screen.

Incidant orientation: the incident orioutation
is the. orientation of the prcjectile just as it strikeL; the
screenw

Resultant orientation:. the resultant orionta-
* inis the orientation of the projectile just after pone-

*trating the screen-. .(The disitintion between the meanings
of .1revultant" describing the yaw and describind the
.orientation~should be noted)

Angle of impact: the angle of impact is defined
as. the angle between the tangent to the tralectory and the

*normal to the -screen. The angles of imnpact are usually
designated by 010 200# 40'% and 600. However,, a screen at
an angle of impact of 00 may also be: called ixa oril
screen or a screen "at normal".

Angular velocity: the tervi an.;u1l,-r velocity
as used in this report'is defined as tha~t compollent of tile
angular velocity perpendicular toteai fth rjcie



2. BUNQ~T OVY TliP. ThNC1*iDT YAW -,LQIA-21&` QOD

The results conceraiing the incident yaw are pre-
sented in Lhe form of a plot of the incident yawi againat the
resultant yaw (aee f'i,;.. X.3 to :36) . -'L'ch poi~it rupreserits
a si~nole jhot. Each graph represents a Lgroup of' shots fired
under constant conditions. The va-'iation in Jincident yaw
from shot to .,hot is due to sl,L1ht variations in the launching
oxf the. projectile from the :;un.

The complete lackc of correlation between the iiicidlent
and resultant yaw for -.11 of' the groups is clearly eviuaent.
In particular the pointo, for the aroup6 fired at zero anm.,e
of Lipetct are dizpersed in a r;.ndom mannier about thoir mean.

These results prove that the incidient yaws of the
magnitude encountured in the riormal flight of the projectile
have no effect on the result~tut yaw. If the theory for k
is correct, as uiscussed int the introduction, the points- f'or
each group of shota should lie! about a line through the
origin havl~je the slope k. Thc actual distrilbution is

4W random and definitely not linear. Cons eciueritly, tho Ic
hypothesis must be false.

In addition to a. yaw che projectile al~io has an
angular velocity, and it was proposed that the azigular
velocity might be a determining factor. Thi:s possibility
wta2 irnvestigated by taking spark photographs at tho po~siti~on
of utaximum y~w and placing the tipping screen ait the jpo.-ition
of minimum yaw. The method is aiscussed in detail in
appendix No. 1. To a first appr'oxi.:;ution the angular
velocity at minimum yaw is directly proportional to the
amplitude of the maximum yaw. If the anLgular velocity
influences the tipping, a corirelation must exi:st between
the y-aw at the position of maximum yar; before the scroon
and the resultant yaw. The results ai-e showii in figs. 3P9
and 40. The lack of correlation is immediately apparent.,
and the angular velocity as well ins the initial yaw is
eliminated "-s an active paraimetur.

Although the results show that the initial yaw LindI
the an:gular velocity do not influence the tipp~ing; it is
the author's opinion that their negative effect holds onl.y
so long 4s the magnitudes of. the inlitial yaW an~d angular

velocity, are smull. If the projectile were yawed to a
considerable amplitude by some cause before strikiu,ý the
tipping screen, it is believed that the large i~nitial yaw
would have a proportioiially large effect on the 1U-pping.
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The negative effect of the initial yav and :InIular
velocity simplifies the investigation to • certain extenL.
6ince these two do not influence the tipping, they need
not be measured in an ordinary tipping screen investigation.
kFor firings with a normal projectile in nornial flight, the
screen may be placed at any convenient iocation along the
trajectory provided it is not too far from the gun, and
only the yaw beyond the screen need be ateasured. 'Tests
can be cariied out on a.ctual prototypes of aircraft with
tipping screen armor instalied without rhe iieea of an
elaborate spark photography technique.

3. PECII•AIIM OF TIPPIN•G:

A. Puriuose

Any geeral theory ba:ed on brocd r.saumpLloni
concerning the physical character of the reaction between
screen and projectile appears inauequate to explain the
results for different materials, dngles of iJp-et, ,.Lnid
caliber. The results at first glimp:e seem con.tradi tory
or at least motivated by obscure and cowplicated ciu:;c:.
For e:-ample, the dip in the caliber .30 - 1/161" uur'al -
angle of impact curve at 400 and the complete change in
the character of the variation with angle of ii-,pact for
the caliber .30 when the thc ---o durL-.i C . is
irlcre~ici from 1/16" to 1/1W: (kr. '"M) are m.3t

mysterious. F'ur theri;iorO, it J.., bard to explain the f£-il-
ure of the initial hypothewis concerning the dependenci of
the tipping on the incident yaw.

The weakness of a general theory usually lies in its
being based on an idealized case. The behaviour of tipping
screens cannot be idealized satisfactorily. It is hardly
necessary to remark that the entire effect of t.he screen
is imparted to the projectile during the brief instant ii,
which the projectile breaks it4 way through the scieen.
Yet a close examination of the process that takes place
during penetration gave the only plausible explanation of
the tipping phenomena. In manner in which the metal
ruptures letting the projectile through appears to control
the tipping produced. The details of the process are in
satisfactory agreement with the results from the spark
photographs and yaw cards. The nature of the penetration
will be discussed first and the individual cases later.

b. Experimental evidence

Three sources of experimental evidence are
Savailable. First, a series of pictures of the caliber .50

projectile penetrating the 1/8" dural at 600 had been taken,
as was aiscussed in the section on &periaiental he-sults
(see figs. 19 to 27). 6econds a cai•eful examinatiorl was
made of the hole, left by the projectile in the screen.

-20-



Photographs weie taken of the front and rear views of the
hole. In order to orient the screen with the trajectory,
a vertical line was scribed on the screen through the center
of the hole. Up is indicated by the mark of an arrow on the
line. For those rounds in which the screen was placed at
inormal, a second line was scribed in the direction of the
plane of orientation. The hole was then sectioned alone
this line and a photograph was made of the section. The three
photographs give a complete three-dimensional rucord of the
hole (see figs. 41 to 45). Third, the orientation o1' the
projectile was calculated just before ana just after penetration.
The incident angle of orientation is computed by' adding the
orientation measured from the spark photograph and tile change
in orientation that takes place in the distance between the
photograph and the screen. The resultant angle of orientation
is computed by extrapolating the measurements up range from
the yaw cards to the screen. The incident and resultant
orientation are plotted together on a polar coordinate graph.
The polar angle is taken equal to the orientation. The radii
of the incident and resultant orientation are made equal, but
otherwise the radius is arbitrary. it is so chosen that tile
data will not overlap and can be seen clearly at a glance (seefigs. 46 to 49).

g. Rate of Reaction

The speed at which the projectile drives its
way through the screen effects the nature of the reaction
profoundly. The caliber .30 A.P. traveling at 2600 feet
per second takes only 40 microseconas (0.000040 sec) to
completely penetrate the screen. A mass moved 0.01" in
this time woulc require an acceleration of 30,000 g (the
acceleration of gravity). As a consequence, the screen is
stiffened by its inertia as well as by its own inherent
strength. The mass to be displaced increases with the
distance from the point of impact. This increase localizes
the break, and, in fact, a short distance away from the
hole the material can be regarded as rigidly supported.

The projectile is usually much heavier than the metal
of the screen that it displaces. The screen will yield
and give way, and any displacement of' the projectile, either
lateral or rotary will be minute during penetration. Aa
discussed in the introduction, the reaction of the screen
on the projectile is primarily iwpultive. No tipping
takes place at the screen. The tipping develops beyond
the screen as the result of the impulsive couple at impact.
On the other hand, the section of the screen adjacent to
the trajectory will be given a violent acceleration. The
pieces that break away will leave the scieen with a
velocity comparable to that of the projectile. The
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sections that rewain will be given un impact energy thut
will carry them well beyond their position at the instant
the projectile hai passed completely through.

The ri*?Adity of tho material play.y t:n important role in
the type of penetration. The rigidity comes, of course, not
only from the inherent static rigidity of the sheet but alio
from the additional inertial resistance of the sheet to
displacement. For this reason, the screen is much "stiffer"
under dynamic impacts than under static loads.

d. Classification of ocreens

All screens comiinw %ithin the scope o' this
investigation could be pl.-ced catejoricially in one of two
classes: flexible or riilid. The di.tinction is fundamental
but, at the present st:ate., must be L!.ade on a pragmatic
rather than a dizacnsional b:is. Eoughly speaking, a screen

can be classed as flexible or rigid depenuing or, whether the
mass of the screen involved during impact is light or heavy
compared to the projectile. The behaviour of the two types
iL• the best criterion for distinuishihg them. With the
screen placed at normal. the flexible type will :how A failure
broadly described as an "orange peel". The metal ruptures
in shear alone radial lines and the ihdiviaual pieces bend
back letting the projectile through to form a crown or
"oriange peel" on the rear surface. On the other hunu, the
rigid typu shovsnone of the radial shear and benuing failure
at normal impact. The material around the hole yields; in
compression letting the projectile through sirAil-ir to the
mianner il .vhich a die pierces a heavy billet. The slues of
the hole are smooth and free from cracks. A small crown is
formed at the rear, but thi4 comes from the material of the
rear layers of the hole and not from iny general orange
peeling.

There are two reasons why the "flexible" or"ridid"
classification is essential: first, the dependence of the
.tipping on the angle of impact is fundamentally different
in the two classes; .econd, a proportionally great increase
in the tippirn produced at zero angle of impact takes pl;,tce
in passing from the flexible to the rigid class.

One of the purposes of the present report is to select
the optimum screen on tht. basis of projected teight. This
involves a knowledge of the va:rlation waith thickness as
well as with angle of impact. If in increasing thickness
at normal to meet the projected weight at a high angle of
icipact, the screen passes from the flexible to the rigid
class, the results will appear contradictory to those for
smaller thickx.ess, unless account is taken of the change
in regime.



E. Penetration of Llexible •c.reens at liormal

The process of penetration occurring in
flexible screens at normal iwpact umay be visualized as
follows (see 'igs. 41, 43, and /41):

As the mlplat of the projectile contacts the sci'een,
it starts forming a localized dimple by pushii- the sheet
ahead of it. It Is known that materials Iave a much dreater
maximum elongation under impact lobdS than unaer static
loads. The dural probably behaves in a si..ilar maraicr to
a sheet of rubber durinr the initial zt- ges. Uhen the pro-
jectile has stretched the shcet to the limit of its elonga-
tion, rupture of the material starts in two v.ays. First the
material shears in axial planes radiating out from the center
of impact thus forming a ring of little pie :ihaped secLions,
each one constitutind a small cantilever beam suppor'ted by
the unbroken material. Thi., ring is then benr back by the
ogivo as the projectile penetrates further and furthcr unLtil
the pie sections finally form a crown irouna tne rwar of the

•- hole.' Probably the shearing and bocndin- Lako pl. ce :;iwul-
. t.am-eously, one -.ugraenting the other.

The significant characteristic about the type of break
just described is that the material rupturos in shear and
bepdinLg. There is relatively little puniichir±o action by the
mdpl,.t and bearing failure of the hole around the sides.
The pie section, are given such an impact that. they snap out
of the way leaving only a narrow band -,rounu the Liside of
the hole showing a bernelled surface vhere the materi..l Jas
yielded in ;iure compression.

How does this type of break influence the resultant yaw.'
The results showed that the incident yaw hud no bearing on
the resultant yaw. However, a close correlationi was uis-
covered between the incident and. resultant orientations,
and this correlation 6ives the clue revealing the mechunism
by hiich the screen produces the tippin,. Since the incident
and resultant orientations determine the plane of the initial
and resultant impulsive- couples, a plausible description
of the nature of the forces occurring during penetration
can be inf'erred.

The projectile always approaches the screen with a
small angle of yaw. When the mdplat enzaces the screen, the
reaction creates an overturning couple acting in the plane
of orientation as can be seen in the sketches below
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Again it shoulc be mentioned thakt the overturning couple

does not displace the projectile but merely impart3 an
impulsive moment to it. The screen rupture* in 4hear
letting the nose through, and the ogive starts bendini back
the material around the holc to for~u: the crown. As can be
seen (13), the yaw causes one side to be def±ormed more sharply
than the other 3o that the Initial impulsive couple is in-
crea-sed. The uouple from the asymetric deformation of the
hole diminishes as the center of gravity approaches the
plane of the screen. At the insti.nt the resultant force
vector passes the center of gruvity the couple reverses
direction. The tail bears against the side of the hole
and creates an impulsive couple which is opposite in
direction to the original impulhive couple and thus
partinliy cancel:; it or in some cra3es completely ovur-
comes it (see C). If the yaw of the projectile is apiroc-
table, 6he sheet, being thin, is so deformed by the time
the tell contactU the edge o01 the hole, that the ruvcurie
couple cancels only a part of' the initial couple. The
resultant couple increases the yaw in the plane of orienta-
tion and in the cureetion of the incident yaw.

This analysis on first sight might seem to support
the original k'pothesis concerning the dependence of the
resultant yaw on the incident yaw. As the incident yaw
Increases# the initial upsetting couple is Increased.
Two factors enter which defeat the initial hypothesis.
First, the restoring couple due to the tail increase3
proportionately to the upsetting couple due to the nose.
Consequently, the resultant couple will depwlx on the
balance between the nose and tail effects. second# the
balance will depend on the manner in which the screen
ruptures. ln other words, the magnitude of the tipping
Iis controlled by the type of rupture occurring for each
-shot. Now# if the ,material were perfeotly hosogeneouss

i.., '4- • 4-
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it would always rupture izi the sa&we macnner "nd Uhe ;ngni-
tude of the tippiic vould bc goveraeu by Whe initiiil yaw.
The fact is th:iv the irmateri.al is not homogeneou• insofar
as the way in which it fails is concerned. i he type of
failure will depend on the microttructure of the metvlp
DLnd this is governed by microscopic crtc. , internal
strains due to forming, etc. whichmn-y ereL.iy from
place to place. Thus the screen way break in an entirely
different pattern for two rounds identic&l in all other
respects. So the magnitude of the tipping for the flexible
screen class at normal will be in part a random affair
varying from round to round, in part determined by the
physical properties of the screen.

It must be emphau~ied that the explanation Ju.s.t given
holes only when ýho incident yaw i± small, say less 1-nan 100.
Uf course, an ordinary small-urms projectile alway. hnb a
yaw less than 100 in normal flient. Thu case of Large
incident yaws is discussea briefly at the cid of the
section on the "Effect of Angular Velocity."

•. Penetration of Flexible bcreen- tit nnnzes of

Continuing with the description of the flexible
Screen behaviottr, a decided ch.:nfe in the whole picture
occurs as the angle of impect i& increased from zero to *

an appreciuble value.

As the angle of impact is increased from 00 to only
20p tCie manner in which the screen resists the pienetra-
tion of the projectile changes in one fundamental ubpectp
in that the material around the hole no lonaer yields in a
symletrical paitern. The
spark photographs of the
caliber 50. penetrating
1/8" dura]. at 600 illus-
trate qute well the
nature of the break that
takes place at reasonable
angles of impact (see
fig. 19 to 27). To be
specific, assume that the
normal to the screen lies
in a vertical plane can-
taining the trajectory,
that the trajectory is
horizontal, and Owt the
projectile strikes the
screen on its under side.
This is the actual con-
figuration in the spark
photog raphs.
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••• : In str1Uikng the screen, the upper edge of the rndplat
digs into the trietal (see fig. 20). As penetration starts,
the force of the top of the oaival head againjt the screen
is l:arge.y perpendicular to the surface. The iietal around
the 'top of the hole yields elastic-ally in the begijaing
forming u long bulge (see figs. 21 and 22). As t1e pro-

Jectile 'penetrates further the nose breaks through and the
forcing action of the o,:ive formz shear cracks along the
sides of the bulge. (see fig. 22 and 43). The edge of the
bulge breaks up piece by piece but the main body of the
bulge bend6 back as a unit (see fig. 23 to .27 and 43).

The principle component of the force on the bottom of
the hole lies in the planc of the screen. The material is
woll supported in this Uirection and, as z. (consequence, it
fails largely in compression. The failure is similar to
the bearing failure of a rivet. The projectile is subjected
to severe localized stresses at this point. li ' spray of'
gilding metal from the Jacket and dural rrow the screen I
cin be seen pouring off the lower front edge. This spray
is evidence of the violent forming process taking pli:ce.

During the passage of the head ana fore part of the
body, the asymetrical reaction between the scicen and pvo-
Jeotile subjects the projectile to a couple tendiud to tip
the nose up and tail down. The existence of this couple is
inherent in the fact Lh:,t the sheet is inclined to the
direction of motion of the projectile. On the top the
resultant force from the bending of the top bulge must e.ct
well bu.ck alone the o;,ive. Marks of the projectile rubbinr
along this surface can be seen iii evury round (see fi-,. 43).
On the bottom of the hole, the force is co;,ceatrated in a
small region of contact and the material yields largely in
compressio:r. The reaction here i.- so localized th:..t the
front edge at the bottom fails in Thcar kt 450 to iWe_,-hurface
and splits away. (see fic. 43). The line of action of the
force from the bottom intersects the axis of Lhe shell in
front of the line of action of the force from the top.
Consequently, these forces combine to produce an impulsive
couple directed so that the nose is tipped up and the tail
dow'n. In other words, a major part of the tipping caused by
an inclined flexible screen arises solely from the .ngle of
impact between the screen and the trajectory. Of course,
as the center of gravity of the projectile passes the plane
of the screen, the tipping couple reverses dIrectior:, but
by the time the tail reaches the metal, the hole is so com-
pletely formed that the tail passes through almost un-
obstructed and the contribution of the reversed couple is

, Ismall.

A transition undoubtedly occurs, between L-::e type of
break at normal -ind the type of break. at moderate an-les
Of impact, but it must take plice beforc a 200 :altic of0.
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-- --. inpct is r'e ached. At 200 thp hole shows the clliaracter-
iatic 'break,'Qccurring at large ý1les of iinpct. The

* " side inclinied& towards the trajectory (the top) fails in
shear and bendig .and the side inclined away from the
trajlectory (the bottom) in bearing.

" A's theangle of impact is increased beyond 200, two
': "naturally opposing factors influence the tipping'. The

force exerted by the bulge at the top of the hole decreuses
with inaroase in the angle of imi.,,ct. This side is ruptured
through a process of distortion, shear, and bending caused
by a wedging. aotion of the ogival head.

MM or WCWE-T -
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The smaller the angle of the wedge the smaller the force
that the projectile is required to exert to fail the
screen, and conversely the smaller the reaction this part
of the hole can exert to tip the projectile. The bottom
of the hole.,fails largely in bearing and, if the surround-
ing metal is stiff enough to prevent buckling, it exerts
about the same force regardless of the angle of impact.
However, if the angle co impact is sufficieatly high and
thO material sufficiently thin and ductile,, the, lower edge
wll• deforn and fail partially in bending.(see fin. .4).

On the othrer haid, as the angle of impact increases,
the lever aro between the lines of action of the forces
from the top and bottom edges of the hole increases, and
the tipping couple wouJ4 increase with angle of impact if
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the forces remained unchanged. However, the forces do not
stay unchanged, but may diminish with angle of impact.
Consequently, the tipp•ig produced by a screen at an
angle of impuct is determined by a 'balance between the
reaction forces from the ed,,es of the hole and the length

S4" of the lever arm between these forces. Iff the lever armincreases faster than the resultant force from the top
bulge decreases, then the tippin6 will increase as the
angle of impact of a screen is increased. If the reverse
holds, the tipping will diminish with increase in ýXngle of
iripact. Consecquently, the tipping may first increase as
th: 4creen is iielined from a zero angle of inp..ct to 200
due to the transition from one type of break to another,
then diminish as the angle of impact is further increased
from 200 to 40* due to the decreased force from the top
bulge, and finally increase again on further increase from
400 to 600 due to the rapidly increasing lever arm. (see
fig. 70). The exact nature of the course will depend on the (
material, the projectile, and other plyWsical factors involved.

•. .enetration of Uxidi 6creein. at Normal

The reaction between a tipping screen of the
rigid class and the projectile presents an entirely differ-
ent picture from that ju:;t described for flexible zcreens
(see fig. 42). If the thickness of a flexible screen is
increased, its inherent static rigidity increases with the
third power of the thickness. Assuming that the screen is
placed at zero angle of izmipact, it soon reaches a stiffness
at which the bending and shear strength become sufficient to
resist a local deformation "nd failure by bending and shear.
When the screen is too stiff to deform in bending the pro-
Jectile drives its way through by literally pushing the
metal to the side and front. The main mass of the rictal
"is so well supported that the hole is formed in a manner
similar to the. punching action of closely fitting male and
female dies. The sides of the hole fail in compression plus
shear in concentric rings, and the metal is essentially
squeezed out of the projectile's way. A small crown is
formed at the rear from the outer layer of dural being
pushed to the side.

This type of hole leaves long'smooth bearing surfaces
on its sides. The sides can exert large transverse forces
on the projectile as it passes by them, since the metal
resists in pure compression a comparatively large area.
A change from the flexible class to the rigid class is
shown by the course of the orientation at normal angle of
impact. The orientation after penetration is again related
"to the incident orientation, but instead of being equal, as
in the rounds with appreciable yaw in the flexible class,
the resultant orientation is 1800 opposite the incident
O(ee fi-s. 46 to 49).
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This change of 1800 in orientation indicates that the
counter-couple due to the tail is the cor trolliztg factor
for a rieid screen at normal. Since the material fails in
compression only and leaves a close fitting, hole of coni-
a.iderable depth, it is quite reesonable tha.t the tail
couple should be greater than the nose couple. Suppose
that the plane of the incident orientation i3 vertical
and the nose of the projectile L; inclined up. The head
punches iLs way through, formin4 the close fitting hole.
Due to its incident yaw it is subjected to a couple which
tends to tip the projectile in the airection of its inci-
dent orientation. As the center of gravity passes through
the screen, the tail starts getting caught on the lower edge
of the hole. For a flexible screen the material on the
bottom was so badly bent by the time Lhe taiil reached it
thbt it resisted weakly, but not so for a rigid screen. The
material fails in pure compression, •nd hence will resist
defurmation by the t.il ýjs vi~orou'.ly as by the head.

On the othtr hand, by the time the tail reaches the screen
the top of the hole has already been enlarded by the
head of the projectile, so there ii no force exerted by
this side to counterbalance the force from the oottom.
Consequently the tail gets "Vinched", effectively, by
the bottom half of the hole. A large impulý.ive moment

is imparted to the projectile through this pinching
action. The moment is in a direetion opposite to that of
the incident orientations in accordance with the orientation
graph. ?or rigid screens as for flexible, the resultant
ywa is independent of the incident yaw. The tipping
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de-:ends on the balance between the impulsive couple6
imparted to the nose awd tail, aid the b¢1ance, in turn,
depends on the methou ofl rupture of' tihe screen.

.7 The Upiainitude of the tipping, will bv in Vjirt rznadola,
in part determined by the material of the screen ana the
other physical factors involves. lhe reaction between the
screen riea the projectile is much more severe in the ri;i~i
class than in tie flexible, and the tipping ;will be pro-
portionately gre;nter. L$o large is the change, in fllt,
that a 1/61" dural screun at zero angle of im:kpact pvluduces
more tipping thn.an v 1/16" dural screen LiL WO•a ngle of
impact, Lhe former belonging to the riiia clas.', tkie itter
to the flexible class, Ind aoLch laving the same projected
weight.

The caliber .30 A.P. has a lon6, strai,;1h; tail (no
boattail). This fact supports rurtncr the "tail piicaia6"
theory. Vhether a bo.ttai-proJectile woula bo suujocted
to the same "tail pinchiag" is by no auans certain.

h . PeneLre.tion of iLd-d Screens -t mi-Uges of .L'.xaqt.

As the screen is inclined froam aornu.;. tou ,iukierate
tangles of i,•a.,ct, the tipping behooves in a .ainner just
opposite to that expected. As the angle of inip. ct is in-
crc.-sed f£orm iormal, tile maenitude of t-he ti.ppinAt ucc:.!2ai:e-.
In all cases of flexible screens, a rap~id increase taites
place in the tipping on Inclining the screen from inor:,l
to 200. In the case of a rlgiu screen, on the other l;.nd,
the tipping was somewhat less at 200 thk-un at normol, anu
still less at. 401 (bee ;CiL. 70).

The decrease in tipping with increase in ai± le of
impact for rigid screens dues not appear so mysterious on
analysis of the. mechanism causing the tippinz. In thin
screens the rapid increase in tipping from rioriawl to 200
is due Lrgoly to the stiffening of the bottom Lide of the
hole (assuming the same confifu'ation o" screen anid ,;ro-
Jectile as before). To review briefly, the stiffening of
the bottom occurs as the screen is inclined because the
principle force on the 1tottom sido of the hol lies in tile
plane of the screen ttnd f•ils the raterihi ;l.-ely in pure
compression. The we,;kening of the reaction ý.roii, tfe top
of the hole due to the increased wedging section of the
ogive is greatly overbalanced in flexible screvnuE by the
stiffening of the bottom as the 4creen is Inclined from
normal to moderate angles of impact. In ri--d zcreens.

1." however) the bottom side of' the hole is already st" ,n
"ed at zero angle of ii.pct, since the ý,iterisl f1ls ,

- in compression 9s previously explained. Con;e.uenutly,.
any increase il angle of" impact aerely v-eakens the z;.ctioa
from the top of the hole without streng~tJ e& -ne bottom,
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ancd4the magnitude of- the tipping is reduced.

•ace str ipedi of Jack re

4For both flexible axid rieia screens, a stripping
of'the -aktfo h oe will take place at some angle
of impact if the screen iz sufficiently heavy. When the
JAcket Jts.-tripped from the core, the core is tipped
vidlentl.y and -1be first maxinmum occurs very. close to the
screen (see fig. 57 and 69). The tipping process must be
modifi.d from that previously outlined for 'the magnitude
of the tipping jumps to a very large value when the jacket
is stripped. In many rounds it is not certain that the
core hds~a stable flight beyond the screen. The spin may
be greatly reduced and the core may tumble after strippiz±g.

.ounds in the stripped condition beyond the screen should
be regaraed in a class by themselves and this fact should
be taken into account in making comparisons with ordinary
unmatilated rounds.

4. R4SULTJ Oe T1TL ON IIJIVIDUAL. bCJ(E2N
p_. Introduction

The mojt important factors determiining the
behaviour of tippin•g screens are

()The material of the screen.
The thickness of the screen.
The angle of' impact.

141 The cal-ber of the projectile.

Although these pa.rpmeters control the performance of
all screens, the most citical parameter is the material
"from which the screen is made, The material will determine
the manner in which the screen ruptures during penetration
and,, hence, other factors being equal, will determine the
magnitude of the tipping. The designer will first choose
tne optimum material for the tipping screen and then select
the proper thilckness and angle of impact to tip the pro-
Jectile in question. The results of the present test will

K:• be grouped according to the material. The effects of
thickness, angle of impact, and caliber of the projectile

i: will be discussed individually in each particular case.

, . Presentation of Results

The data from the yaw cards was plotted as a
graph of yaw against distance down range from the tipping
screen. The curves for five important and illustrative
cases are shown in figs. 50 to 69. Each curve represents
one round. Each graph represents a particular configuration,
that is, a particular screen at a particular angle of impact
fired on by a particular type of projectile.
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The armor plate designer is interested in two
quantities from the yaw vs distance graph : (1) the
average volue 0f the maximum yaw and (2) the average
distance beyond the tipping screen at which the maximum
yaw occurs; that is, he needs to know the m•aximum yaw
and the hhlf-period beyond the screen. He will place the
armor plate at the hAlf-period distance beyond the screen in
order to take full dwvantage of the tipping. The aver:. ge
value of the maximum yaw was computed and plotted as
function of the f,nlglu of impact (see figs. 70 aria 72),
and a,• a function of the half-period (see fig. 75).

The average value of the maximum yaw a"nd the average
half-period are indicated on the yaw vs distance graphs.
The method of indication is complicated by the fact th-.t
the period of the yaw is a function of the amplitude. The
precise relation is discussed in appendix iNo. 2. As a
first- approximation the period. near thu averi-e maximwn
yaw varies linearly with the amplitude. If the dispersion
is calculated with respect to orthogonal coordinates whose
origin is at the position of the mean vo-lue,and whose
directions are parallel and perpendicular to the half-
period - wLximuin ynw line, the riispersion is a truly
random quantity. Probable errors computed in such a co-
ordinate "jystem are representative of a genuine, symnmetri-
cal Gausian distribution. The mean value on each gra.ph is
indicated by a large cross. The arms of the cross a•re
scale values of the probable errors in the two principle
directions. An ellipse surroundin, the cross gives the
locus of equally probable values.

The calculation 6iving the slope of the maximum yaw -
half period curve proved to be rather lengthy. Furthermore,
it is believed that for aircraft armor the caliber .50
projectile is more important than the caliber .30. For
these reasons, probable errors were computed rot the
caliber .50 results only.

The location of the mean values of the yaw and half-
period are indicated on the caliber .30 graphs by a small
cross in a circle, but the values of the probable error are

*, not given.

Tests on 1/16" Duraluminum ocreen with Caliber .30
Pro2jectile

The majority of tests on the 1/16" dural were
8• carried out uzing the caliber .30 projectile. 'The screen

was tested at 002 200, 400, and 600 angles of impact at
both maximum and minimum yaw positions on the undisturbed
trajectory. The basic curves f£r the results at the
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position of minimum yaw are presented in figs. 50 to 53.
The rezults aL the position of maximumn yaw are so
gtmilir to the results at minimum yaw, that the maximum
yaw results are riot given. The mean values plotted
against angle of impact are shown in f1. 70 and 71.
Fi~ure 71 givos the comparison between the reiults at
maximum End minimum yaw positions and demonztratew theirsiwliltltude. It is interesting to note that th~e tipping
At mninimum yaw is somewhat greater th~an that at uiax-imump'
but, in view of the fact that the difference is less than
the probablo error, it is not believed to be significant.

The values of the yaw at maximum and minimum positions
on the trajectory were averaged from all spark photos taken
of the caliber .30 M1922 A.P. projectile. The average
maximum yaw (44 rounds) is 4.290 with a probable error of
1.650. The averdge minimum yaw (50 rounds) is 1.30e with a
probable error of 0.930. The same averages were computed
for the ca'liber .50 M1 A.P. projectile. The average uaxi-
mum yaw (50. rounds) is 3.44" with a probable error of 1.240.
The average minimum yaw (29 rounds) is 0.380 with a probable
error of 0.13.

The course of the orientation for the 1/16" daral screen
is given in figs. 46 ---nd 47, and photographs of the hol.:s
made in thc screen are shown in fig. 41.

The results show th:,t the 1/16" ýural screen - ca.liber .30
projectilo co.bination belongs primarily to the flexible
screen class. The screen has more rigidity than the
0.0475" steel - caliber .50 combination and hence shows

some tendency toward the behaviour of rigid screens. The
type of break at 00 angle of impact shows the typical orange
peel formation. The course of the orientation is parti-
cularly interesting for the combination of the caliber .30 -
1/161" dural screen at normal. The resu.Ltant orientation
is equal to or rotated 1800 from the incident orientation
depending on the magnitude of the incident yaw. This is
shown in the following table and in figs. 46 and 47.

lhound No. Incident Yaw Angle between Iincident
and Iesultant Orientation

2 90 201 30
4 6' 10' 150
5 45 40' 320
6 20 45• 14e
8 50 40' 50

53 6 i0' 100
.5 30 351 1000
56 50 5' lie

7 26 U? 1950
51 00 35' 195'
55 00 351 2150
6o 10 30' 2950
64 00 5' 3230
65 10 25' 2430
66 00 35' -33- 2200



With 4..few exception, thei ncident and resultant brienta-
"tions are:.equal. for large incident yaws and 1S0° out of
pha'se tor sm4Lli..ncident yawo,. -Apparently the nose
coupleqpredominates if the ycw is appreciable anu the tail

". .coupleDIf the yaw is very smwll.

"It shoUld be noted .tbut the holes are elongated in
- the direction of :the orientation in those cases where the

incident yaw was appreciable. This elongation is further
evidence that the projectile passes through the screen
without any lateral or rotary displacement.

On inclining the screen, to an angle of impact of 200,
the average magnitude of the tipping increases sharply from
14. 8 to 40.20. The type of break changes from an orange

* peel to the typical angle of impact break showing a bulge
on top and a bearing failure on the bottom. The course of
the orientation becomes more erratic since it is partially
controlled by the incident yaw and partially by the angle
of impact.

On increasing the screen to 400 angle of impact, the
average tipping is reduced somewhat, from 40.20 to 33.80.

The breaks becomes a more pronounced angle of impact type.
Tho course or the orientation is erratic but is influenced
more strongly by the screen4 s inclination than at 200. The
reduction in tipping can be explained by the weakeniiig of

.the reaction from the top of the bulge on increasing the
angle of impact from 200 to 400s as discussed previously.

On increasing the angle of impact from 400 to 600, the
tipping is increased from 33.80 to 45.70. The break shows the
characteristic she-- failure along the sides of the top
bulge and the course of the orientation is controlled with
a few exceptions by the angle of impact. The increase in
tipping on going from 40* to 600 cmn be accounted for by
a greater increase in the lever arm between the forces from
the top and bottom of the hole than a decrease in the force
from the top. Also, the nose of. the projectile shows
evidence of being somewhat deformed.

On the basis of these results., the optimum angle of

impact for the 1/16" dural screen tipping the caliber .30projectile is 200-. The tipping at 406 is actually less

than at 200, and the slight increase at 600 hardly justifiesthe additional projected weight.

!• •m• d. •.nugual 1_'ounds Occurring DUring ,Teos~ts Pan_ I/""
Dural Screen

-- t h Five unusual rounds occurred during the firings

Son the 1/16" dural screen with caliber .30. These rounds
Sfurnish additional evidence supporting the proposed theoryof tipping and deserve a brief discussion (see fig. 45).
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At zero angle of imjpct roands 2 and 57 had very
high resultant yaws, .350 ana /30 respectively, coiiipred
to _1i average for the group of :14.60. The 9ho1oM;raph
of round 57 was lost, but the photograph of round 2 zLlo.ved
tcnm abnorinmlly high Incicent yaw of 9.330 (c.oiaparea to ail
average of 4;.29°). It was first thoahtu LntaL the high
incident yaw exp.lained tjhe large tipping, but on plotting
the value on the "effect of initial yaw" graph it haa the
appearance of a wild point. An exar.iination of the holes
made by these two rounds revealed tne cause of their erratic
behaviour. Assuming for conciseness that t~ie plane of'
orientation is vertical and the nose is inclined up, the
photograph shows that a large piece of metal cout~jiiini the
bottom of the hole has broken away. This generali failure
probably occurred during the initial forcifqg action of Lhe
ogiv,-,l head. The bottom broke away allowiz,6 the tail to
p,,ss through largely unobstructed. As the tail net little
or no resistance, the normal counter-couple from the re-
action of the bottom on 'he tall was lacking. Consequently;
the initial couple due to the head exerteu it!s full influenec

-* and drove the projectile to a large resultant yaw.

At 600 angle of impact rounds. 30 and 34 uad unLu, a"lly
low yaws of 300 and 90, respectivelyo coinparud to an average
of 450. An examination of Lhe flolu revcealc that tie entire
bulge on the top of the hole was torn away. Probably the
,uetal ruptured at the base of the bulge auring the final
stages in its benrinZ letting the projekclile hrounh wýithout
the norm:Al ruaction from top bulge. By tile L.me the huad hod
penetrated far enouih to cause a 6eneral failure of the Lop,
the force from the bottom was probably past the center of
gravity and consequently exertea a counter couple c~ncelini
in part the normal couple due to the screent s inclination.

At 600 angle of impact, two rounds,14o. 35 and No. 86,
were accidentally fired through the same hole. The first
round had a normal yaw. The seconei round Ilhd an unusually
high yaw. The second round hit just to the side of the
first round and must have been subjected to reactive forces
on one side only. Since these forces vere not counteracted
in any way by the open side of the hole, the asymmetrical
force distribution produced a large resultant couple and a
correspondingly large yaw. This type of behaviour is
significant not only because it demonstrates the depenuence
of the tipping on the type of rupture but also because it
shows that a tipping screen would still be effective after
considerable firing in actual combat.
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* ~tihe ;2croee aYould beCoi;-le so wuf~~ h. .i ouJ~ lca
4 t:; structured. ;0tvLergth.

Co* ±e.sts o 0 /1 1 D/t~ uliai 'creen ivitii ýani .. Q
P'rojiectil~e

'iaht round., of (;.; , utr .51 wer~e -L~c title
.screen inc Lied0L at a 600 wi4Lie of ry.t Titipigwa
so smanll tiii~t the te~st vwiti e.!Iiber .50 wai; niot cw.'iu Otnt "U
t~iialler anu,1es of iiap.ct. Thes rkisu-Ltt n.re ,::iv(-.n by an
sin,,e poijý.t -KAt 6JO~ an.l"re of' impa*ct in f~ie, 72. It i~s belit~veu
that thu 1/1611 6ural tscreen is too tig;ht to tip Ule ci..Lilxor .50
projectile effectively at cn-u-les of i.,ipict of 000 or :LQLss

"Pracil ..."ti

Thie Ile~," (Iurk~.iUnLujn~i Lcreen v,,us testcu zat till
ani,;les of iap-.cL for Iboth thle cJ-.±Lbt.r .30 afla uzle -x~b 5U
projectiles. In both cuse-s the twts U weCnar~iCd 0-Ut at tiAC

Jio:Atiofl of jai~niiraiu yaw on tha un(Aisturbcd tiet±y he
b;-.ic cutrves ure ,;iveii ill fibs. 5,4 to 61. ~ih(ie ,,iCriI v'WiutS

or Liie Lippi±±i, pluLted againbt Wiie "aiil o;. iwqy:4ci are 1.iven
in figz. 70 and 7/;q the courso o;' r11( Oriei11!ntiOn i:s :,huo*.n
in fi~gt. 4~e aia 4ý9; the pictures a' the holes ,;tilde iii, the
screen are shown inl fig~s. 42 wid 43.

The 1/81" caur~JUiiinum screen Liplin,, Ole cz!Ci:LUer .30
projectile is un intereating cLaLe. ,;iiice this crijn.if
is the only rep~resentative ofC the rigid ý;croeni claijs tu-steui.
it normstl tile uv:gnitude of tile tlppinb prodaue'i is wiujuou~.11y
liirge,, thle naen beintg 5ý.8 0 . The o~rienitationi course sjiov.:s
a 160~ reversal in orientation frowi runtraiice to exit in all
rounds. The hole made in t~he screen hs sliootl1 walls e.x-
cept for a smnall crown at the back aria there are scoring
marks on tile- walls nuade by the erigrz-kviug oil Wit! :siu ol, Uh
projectile. The hole hzas the ap~pearance, of iinvii-q? ben
drilled. Even in the case of this rigiu screen t)he. hole i~s
elongztted in tht! direction of the orien~tation for t, 1 e
rounds having aý Aigh incident yaw. Tniis eviauincu fart.-ir
supports #the stsýtefaeft that the re-ictioi- between !bcreun
anu- projectile is entirely imapulsive.

on inclining Lhe screen to a 2UQ tiie. of L-4ljact tLhe
tipping is reduced, and on further incliniag the screen
to 40* thle tipping remuins tne sasie a.5 at 200. The course
of tile orientation at 200 %nU 400 ýshowvs t'kt 1t11 i~lcidellt
orientation is still the predominant fzactor. ThC Lyi)eI Of
break I.- a eoiiiproiwise bet-.een tile ptieieu hloic a,11 m~
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and the typicý.l type of failure occurrinx at angles of.
impact. The top of the hole yielddi partially by bendiing
a bulge back an, partially by disintegrating the iaetal
around the hole. The reductioan in tipping is cue to a
Vweakernin!g of the top side of tbe hole as previously dis-
cussed.

The projectile was deformed to a noticeable exteznt
by the 1/8" sereen at 40*. The jacket over the nose of the
core was pushed back and bent to the side. In fact, one
round out of seven had the jacket stripped completely off.
This deformation might compensate partially for the re-
duced resultant yaw. As stated previou4ly the deformation
makes the determinwttion of the yaw f£ om the major axis of
the hole in the yaw card somewhat uncertain. The acc:uracy
of the results at 4Q0 is therefore less than chat of the
other configurations.

On increasing the zintle of i,,mpact frot 400 to 600,
the resistance of the screen is sufficient to strip the
jacket from the core. The break in the metal gives an

apLdearance of a violent disintedration o:f the region adjacent
to the hole rather than a smooth punching action. The core
is tipped to a very great yaw a short distance beyond the
screen (see fig. 57). A comparison between the stripped
and normal rounds is hardly justified in view of the
radical change in the physical characteristics of the pro-
jectile. F"or this reason the course of. the orientation is
not given.

The optimum angle of iwpact for Lhe 1/61" dural icreen
is normal if only 200 and 400 are considered. The tipping
produced at 600 is greater than at normal and the rounds
are stripped. Whether these two factors wouli juýtify the
increased projected weight can only be determined by firing
on actual tippln6 screen - armor piate combinations.

Tipping screens that are zufficiently heavy
to strip the jacket may justify their additional weidht
in certain cases. The pk'sical properti-,s of thL. projectile
and the character, of its flight are altered radically on
stripping, The stability of its motion appeared to be
materially reduced.. Its yaw increased very rapidly to
extreme values shortly beyond the screen. If the core was 4
still stable, it started a quick o;cillation in yaw of
great amplitude. In some rounds the amplitude increased
from one period to the next indicating a dynamic inatability.
In others the core appeared to be tumblirit (Oee figes. 57 and
69). Both the caliber .30 ond caliber .50 cores were
tipped to an ai.plitude of greater thiz' 300 within a foot of
the tipping screen. For certain military applications,"the
reduction in the necessary distance between the tipling
screen and the armor plate may oe the determinins. factor
in the desien of the screens. .
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h. Cornva rjLoon ofX I/L6 ~n .~ al Icreexi

-..It. is nut btrictly p~roper: to couwpiaro the
sreults of fi aie 3 ili &L; on~ 1/16"1 and 11611 dura].

4 ~ien siace the two screcns aire catagoriteally uiffereat'.
N~everthel~ess a cornpari.4on i;s bccýn iazice b~y tuking the

* dif 0 ere .nce botwo~en thIe atverage resultait' yaws produoec± I)Y:
the.-two,::'sre'enS at a given 'agc uf iuipact 4zid plotting
this difference against the an~.le of' iiaIpiaco (See 7)
-The large value- at YLorwUL cotne £roia the change froat a,
.*lexible.'to a rigid class. The -aifference dropis at .200 to
less thari 140.lf Lhj-!t at 00, but increases bc~yonu f20g.-

* The advantage. sucured by a .screeni of the ri~idC class at
normul is immediately apparent. It should be ziozeu flowever,,
that in all CaSeS aln in~crease in. the thicknesis prouuce~i a
greater i-jagnitude of i~ipping.

* The. 1/1.61 dural at 600 an~le of iip.uthis 4,1e tsauii
p~rojected weight a:ý the 1/611 tural A-, nor~idfr. 1'0'or' t 11e

*caliber '030 prjciethe 1/81 d~urol a~t n~rml i.ý ;-;uperioi'
*since it piroaugea 130 more tipp~ing thai n. e 1/16"1 at 600.
In a way thiz is fortunitte Lsiiauv it ia sijplvr to co~n~truct
an airplane wi~th a flut trwisverbe bu2lk heau of 1/1 durtl

* than An inclined bulk head of 1/1611 aural at (buO. Un the
*other hetzidp the 1/16"1 iutral pro(Auces alm~ost. as miuch ti4?ini;

at 2.00's at 60*. The selection 1iiu-,t be based on firijig-s
made on A prototype arinor inztullation. Av'or the aie .5U
projectile, the catapurison between 1/10" uur41l ;-.t 600 arid
11/8" (Aural at niornitil i.o just opposite to that al th
caliber .30. The 1/16"1 dural at 600 proautces 14430 .Lore
tipp)ing than tie 1/81" dural at normal. T2he c-onflict in

*the results for the-two cailibers is oauubud uy the chaxik;e in.
clas-. froia flexible to ri4ia for tlic cullber .30 jproject±Xe
on going from a 1/16t' dire.l Lo a 1/d" uurul iscreen.

~.Tests, -on W/" D~ura~l 6creen~s with Cilibgr .50
Proi ectiles

The 1/8" dural screeon tipping the caliber .50
* projlectile be o gs to the flexible cluss. The zraugnitude

of the tippln6 Aincreases witih increaLse in: anglc of imtpact.,
starting at. a very lowio value &L norma~l, YncrcaLiuinh r.*tpjiclY
fronu 00 to 200 ana i~oru gradually from ;W)O to 6U. -Die
rapgnitude -of the yaw beyond'the tUpping screen at imormuil
angle of iimp%-ct was so zia~ll that, it -as not po~sibl'e to* i~easue acuraelythe course oI'h ozielit;ti~on oeyoiiu tie
screen. Consequently, thu course of tihc orientat-ion through
the screen- i:ý given for ZOO., 400o anco 600 ol.Thc cinfIc

-of jiap;act is, clearly .hc contruliiný; V..ctor. The type oV
breakt is ty ical oi ki flexible bereen.
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A .iose siilarity might be expected between the 1/161?
"dural tipping the caliber .30 and the 1/8" duril tipping

. the caliber .50 s:ince the caliber -weight ratiu is nerly
the"Same.-for. the 1wo. If -anything, the 1/8" dural screun
" ompared to the'1/16" dural-screen is heavier than the

SalPiber.%50 projectile compared to the caliber .30."
:CoiSeqUently, one would expect the 1/8" dural screen to
produce., a greater tipping .of the caliber .50 projectile than
the 1/16", dural of the caliber .30. Actually, however, the
opposite should be true. If it is assumed that the tipping
is proportional to the weight of metal displaced and that an
analysis can be made using the theory of small oscillations,
the 1/8" dural screen should produce less tipping of 'the
caliber .50 than the 1/16" dural of the caliber .30. The
theory is discussed in detail in appendix 3. The results are
shown -ir ig. 74. The hypothesis holds from zero angle of
impact up to 200. Beyond 200 the cUrves reverse and the 1/al?
screen produces more tipping of the caliber .50. Probably tne
assumption. that the tipping is proportional to the weight of
metal displaced is not valid at appreciable angles of impact.

The 1/8" dural screen is an important case because it is"the lightest dural screen that produced an effective tipping
of the caliber .50. The 1/16t? dural screen was sufficiently
"heavy to tip'the caliber .30 effectively but not the caliber
.50. The general statement may be made that a screen that is
heavy enough to tip effectively a certain caliber will be heavy
enough to tip smaller calibers but' may or may not produce
sufficient tipping of greater calibers.

The proper complement to the 1/81? dural screen-caliber
.50 test would have been a dural screen sufficiently thick
to belong to the rigid class in tipping the caliber .50
projectile.- Due to the gain in simplicity of construction by
S' tug a normal.iscreen, a knowledge of the minimum thickness
necessary to change the screen from flexible to rigid class-
ification would be an important contribution. The original
program called for tests on 1/4" dural screens. Unfortunately,
the Air Corps failed to obtain this material for the Proving
Groutd, and this part of the original program had to be

• omitted. Until such a test is carried out, no comparison of
the V8" dural screen - caliber .50 projectile combination
can be~made on the basis of projected weight.

J, Tests on eak 4Materials: Sof Aluminum. Coupet,

Before the test was started# the physical
"characteristics of amatkrial that would best suit it for
tippiug -screen use were not establisrhed and consequently

- materials were chosen which would cover the field most
completely. It was believed that the tensile and shear
istrenjgths and the strength weight ratio were important
Sroperties. The aluminum, copper, and brass represent
&atepials having a low tensile strength. The aluminum

has a low weight per unit area, the same as the duraluminum.



The copper and brass have high weights-per unit area,
a little greater than steel; Also, the aluminum and the
copper have a high ductility. The brass has the greatest
tensile strength of the, three.

The three materials were tested at 600 anggle of impact
using the caliber ,50 projectile, and the copper and brass
were also tested at zero angle of impact (see fig. 72).
The results at 600 angle of impact showed a decidea infer-
iority in performance on an equal weight basis to both the
dural and the steel and the tests were not carried out at
200 and 400. The 1/8" aluminum was inferior to even the
1/16" duraluminum.. The 1/8" copper gave only 2/3 the tipping
produced by the 0.0951" stee.; the 1/8" brass gave about the
same tipping as the 0.0951" steel. Since both the brass and
the copper are considerably heavier perlunit area than the
steel, their performance demonstrates that they are inferior
materials for tipping screen use.

The fact that materials having a low tensile strength
produce less tipping than materials having a high tensile
strength agrees with the proposed mechanism by which the
tipping. screen operates. One photograph was taken of the
hole made in the soft aluminum at 600 by a caliber .50 to
illustrate the type of rupture occurring in a weak, ductile
material (see fig. 45). The top of the hole bulges but the
material is so ductile that it is formed more or less plas-
tically by the passage of the ogival head. The bottom of
the hole also yields plastically as evidenced by the large
lip at the front. The reactive forces are small due to the
ease with which the material in the screen is displaced
and the tipping is correspondingly small.

Tile 1/16" and 1/8" durals were the only materialb tested
with both caliber .30 and caliber .50 projectiles. The
dural results form a basis 'or comparing the .30 and .50
caliber projectiles. Adequate protection should be main-
tained against both calibers. Since a screen acequate for
tipping caliber .50 projectile will be more than adequate
for tipping caliber .30 projectiles, all subsequent tests
were carried out v1..L the caliber .50 projectile only.

. Teats on i0475, and .0951" &AId Steel Screens

The mild steel tipping screens were tested
with the caliber ,50projectile only. Both thicknesses
belonged to the flexible..lass. The 0.0475" steel screen
is a particularly representative example of this class.
The metal has both a reasonably high tensile strength and
a high ductility. The "orange peel"formation at zero
and the angle of attack effect can be seen clearly and
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distinctly (see fig. 44). The variation in the tipping
produced by both steel screens with angle of L.pact is
siw,:ilar to that of the 1/81" dural'screen (see figs. 62 to
69 and 72). The magnitude of the tipping increases as the
angle of Impact increases from normal up to 1,00. Lieyond
40" the two screena deviate from the course of the dural
curve. The 0.0475 steel scireen produces less tippin" as
;he anole of i,*Ipact i± increased beyond 400. The photo-
graph of tne hole made at 600discloses the reason for the
decrease. The inclination of the screen has become so
great that the bottom part of the hole yields in bending
A•nd shear as well as the top. Conrequently, tjie reactive
force from Lhe bottom is decreased and the tipping is
correspondingly less. On the other hand the 0.0951" *teel
screen hMs sufficient strength at 600 angle of im,)act to
strip the majority of rounds and the tipping is greatly
increased.

The effect of thickness appears unobscured by a change
in regime since both screens belong to the flexible class.
The difference between the average waximum yaws of the

"7" .0951" =nd .0475" steel screens is plotted against the
angle of impact in fig. 73. The difference iucreasea
gradually with a:ngle of impact. Beyond 400 the difference
becomes abnormally large since the fundamental bohivlor of
the screens changes. At normal Lhe yaws are Jo ;mall t,:Wt
the difference could not be accurately measured. between
these two limits$ the increase in thickness produces a
constant proportional-in.rease in tipping. ht 200 the in-
crease ii 26.,14 at 400 the increase is 28.2,. The theory
of small oscillations would predict a lO0,0ý iincrease in
tipping If the thickness were doubled. However, it is
doubtful whether thia theory can be applied strictly eithcr
for yaws as large as 350 or at moderate angles of impact.

It is instructive to compare the curve giving the effect
of the thickness for the .047511 and 0.0951" steels and the
curve for the 1/16" and 1/8" durals (caliber .50 und .30
respectively). The steel screens both belong to the
flexible olasSso increasirg the thickness brings about
a uniform relative increase in tipping over most of Lhe
range. The dural screens belong to different classesso
increasing the thickness causes a ch".nge in regime from
flexible to rigid with a great increase in tipping at
normal and a proportionately smaller increase at moderate
angles of impact. If the results from the two 6creens were
compared blindly without taking into account the change
from a flexible to a rigid class in rhe case of the dural,
the effect Of thickness would-be obscure and appear arbitrary

0 and conflicting.



hTe stee compares favorably, with the duraluminum
aS a..a'tisfactory material for tipping screens. The 0.0475"....- ,, .'".-..Steel ;-has practically the same weight per unit area as tie1/8, dural and, the two can be compared direcutly (see far. 72).
The ,steel produces.aj little less tippi- than the. dural
"t all angles of impact. A tabular comparison of the two

a. as follows:

..Agle of Impact M Dural 5 Qteel Difference

S.00 5.60 3.20 2.40

. 200 34.80 29.80 5.00

40 4.60 37.00 7.60

600 49.80 3,4.00 15.80

. At 200 and 400 the difference is not great, only about
-. 20%, and the advantages in supply and cost of the stool
may well outweigh the disadvantage in tipping. Of course,
the.0951" steel has double the weight per unit area of the
dural and-produces less than 10% increase in tipping
(except .at 600). On the other hand, the 0.0951 steel in-

.".lined at 60° strips the Jacket from the projectile. The
"core yaws rapidly to an amplitude of 65.10 in only 3.3 feet

*beyond the screen. The reduction in spacing between the
tipping screen and the armor plato way Justify the added
weight in certain cases.

The steel.used in tho present test was a ductile, cold
rolled steel and had a comparatively low tensile strength.

*: Increasing the tensile strength may increase the tipping
* produced by a thin. steel screen sufficiently so that the

steel may become the equal or the superior of the dural.
.*- A steel having a tensile strength of 210,000 lbs/sq.in.

would-be required. D0u to inability to obtain high tensile
,..steels of the proper thicknessj thia phase of the investi-

gation had to be discontinued.

The dural possesses certain advantages due to its low
"* • density that may make it superior--to steel even though

the twO have the same strenugth-weight ratio. The added
thickness of the cural supports the bottom of the hole
and prevents it from failind partially in bending. Further-
.More, the. bending strength of the top of the hole is
greater for dur4al than for steel of the same strength-
weight ratio. This assertion i-s discussed in appendix 4.

"S •The analysis shows that, for steel und dural sheets having
the same weight per unit area, the dural will exert 3 tilmes
the force on the- projectile that the steel will exert. as
-the head of the projectile wedges the bulge on the toj of
the. hole out of its way.
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One oa1Qplco 1' Czechosiova±•ian naliaot arulor was
tested at 600 ;ingle of imp:.ct wita both caliber .'30 and
caliber .,,0 projectiLes. The reisults are plotLte as a

4WO single point on the graph giiving tne effect of Gkw anle"- elof 1ipct (see fig. 70 and '72). iitrie was knowan about
the properties of the steel. It wao; describea aL a high
manganese steel, but the manjanese content coulu not have
been very large since the sample was aefinitely iiignetic.
Its tipping qualities were poor. It proaucea about the
same tipping of the caliber .30 as the 1/161 aural, but its
weight per unit area was 1.82 times that of Lhe 1/16"
dural. It produced less thaan ha1lf the tappiuý of the
0.0475" mild steel although its weight and thiciaess are 1he
same. The reasons for the decidau inf'i-riority of the
C;echoslovawki.-n helinet armor arc not clear. The •:iaterial
appears to be quite brittle from thu apAtarance of the hole
and the lack of ductility may be a contributiug, factor. How-
ever, its performance will remain a my;stery tutil wore is
known about its physical propurties.

1 . 6plush Tests :

One important chuiracturistic of tlpin, screens
has been omitted from the discussion Wo far. 's thU pro-
jectile breaks its way through the screen, wiall piecez
of the screen are broken loose hana driven to the rear
with velocities coldparable to that of the projectile.
The conglowerate of these small pieces is called the
splash. It clan be seen clearly in the photographs of
the caliber .i0 penetrating -the 1/8" aural screen a• 600
angle of impact (see fit. 19 to 27). bince thu splash h;s
a high velocity, it c~.ii ao considerable da,'nige by itself.
Furthermore its angle of spread is very wide aiu it .:iay nit
parts that otherwise would' be adequately protected. In
order to measure the amount of splash a yaw clard was placea
in a plane parallel to the tipping screen one inch behind
it.. Both the projectile and the splash ptuiched holes. in
the card. The importance of the :plash was reco6nizeci
rather late in the course of the investi±ation and the
data is soctewl-,t incomplete. Records were taen of the
splash from the caliber .50 projectile penetrating the
0.0931" steel 'creen at 00, '200, 400, Anu 600 a1dl~es of
iiwpact and the 0.0475" steel, 0.062'51, and 0.125" dural
screens at a 60* angle of imlpct. The splash c..,rds are
shown in figs. 29 to 32 reduced in size. Thc:y are all
reduced the same amount, however, ana the scale can ue
determined by looking -at the record ma~de by t~he 0.095111
steel screen at 00 angle of impa.ct. The caliber .50 pro-
jectile has left a clean, sharp hole whiose exact circular
border can be seen marked on the c;.ra aroun" the torn-out
center. As the angle of iiy.,act is increased, the spIaZh
ii, increased, At 600 the 0.0951" steel screen strip. the
Jacket and tne splash becomes very severe. The thicker
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the metal, the greater thesplash, ai can be seen by
comparing 1/161 dural viith 1/1" dural. Weight 'or 'weightthe steel has less splash than the dural (tht 0.0475" steel
and the 0.125 dural have the same w~eight per unit area),
but the stool produces less tipp)ing than the dural. Iif

-the thickness -or the tensile .strength of the steel are in-
"creased sufficiently to equal the tipping produced by the
dural, it is not possible to say from the results at hand
which material would give 'the greater splash.

C



A relatively l.ight screen via3iiidrtasfiin
torque to a projectil.e penetrati -li the 4screoll to tip Uhe

proectleto a considerable-angle of yaw a fpro
>beyonid the screen. The torque ii; purely imipulsive ill
nature. It gives the projectile an. increase in ]lcinotic
eni'ergy without any ac~tual' displacement during penletration&.
The increaze in kinetic'energy uriveo Uhe projc-ctile to a
la~rge yaw a half-period beyond the screen. "J'he halZl-pLriod
is dependent on the Lnagnitude of thi! resul. ait yaw. The
larger the resultant yaw the shortor the IuAl-perioa.

*In certain cas'es, the screen will strip 41-le jacket off
the core. The core is tipped to a very large yaw a snort
distance behind the ,-creen.

In general., a screoin tlhat is strong onough' L~o tip a
cer~tain projectile sufficiently will be tnorothi±n strong

* ~enough to tip a lighter projocatiLe but m.'4y or wi-y not be
strong enough to tip a heavier projectile. 1he ~aistrince

* ~between the screen and the~ saximu~a resultant yaw will uupozid
L on the caliber9- phe condition1 of 1-li prujecttiie beyonu the

screen,and the severity of the tipping.

The mechanism by uhich tipping' is produced by the
screen depends on the propertiesi of thie iaterial and its
-an le or Im~pact. "creens aa-n be classif'ied in general as

"fexibleft or -"rigid"t. The behavivour of' the two i., biasic-
ally diff'erent.

The magnitude of' thu resu.ltant yaw is iaiuepentlent of the
incidont-yaw anfd anig4ar v~elocity as long as the inciuent
yaw is' 011Z~(es ha It is deteridined fox- a
pa~rticuilar configura~tion by the im..nner in whiich the iiiaterial
ruptures during penetration..

The physical properties of u material tha-t -will best
suit it for tipping screen use arc hi- .tguailie aiiu -&ýer

* s Lrei 'ths and a highý streu~th-wedht-r4tio.. Th~ _gtm=
maztorial'oi those tested was du miuii..**M1l te
of the same weight produced about'30O2; of the tippiin; pro-
duced by the dural. The performance of hi&i tensile

* strength steels was hot investit~atetl due to lack or
material.

The anl oimact and the ttlckness should be con-
sidered tog&-Wwr-5n-c& the projecteWT-R-g t is taie critical
factor for airplane des1vn. 'Tie effect of taic~cnesb is
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Complii~ted by the r_4dJc"1Lchcnge in behaviour encountered
if an increase in thickness chinees the screen from the
f-xible class to the rigid class. The variation in the
tipuing with ;,ngle or Cil-oct dependu on the thickness, tile

tteriaJ., ad th cal~bezo;�Or a,ýtile in a mantner so
complex that a comprehensive investigation of the entire
rnnnc of thickIoess and &ngles of impact will be necessary
before any _,eneral conclusions can be drawn.

In all c.•ses, an incre•se..in thicknaess brought about
an incZrease in tipping. The same c-,nnot be said for an
increase in angle of impact. An increase in an;-le of
irpact may_!ncXreaso or decrease the tipping depending on
the particular coniratg--d. The effect of tehu mnile of
impact should be investigated for each inuividual case.

The optimum screen can be selected on a bAsis of pro-
jected teight in three isolated cases. Vor the caliber .30
projectile a iS" dural screen placed at 00 angle of imp;,ct
produces mVe tipping tQn a /_f6" dural screen placod at
60. angle of impact. For. the caliber .50 projectile a
0.0475" mild steel screen placed at 600 angle of impact
produces much more tipping than a 0.0951" mild steel
screen pl~ced at 00 angle of impact; also, the 1/16" dural
screen placed at 60° angle of imphct produces more tippilrg 7
than 1/8" dural screen placed at normul. It ahould be
noted that the results for the first case conflicts with
the last two.

The splash produced by a screen depends on the materiulj
the thickness, -nd tho angle of impact. The amount of
splash increases with both thickness and angle of impact.
hWeight for neight, a mil steel screen gives less- splash
than a dural scr'een. There is not sufficient data from Lhe
present investigation to compare the splash of the two
metals if the thickness or the tensile strength of the
steel were increased sufficiently to give the same tipping
as the dural.
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APPEiNDIX 1

Relwation Betwoe xm m Yaw and imular Velocity

The resultant angultr velocity of the projectile is

given by the equation (see ref. 8).

W = +• C2 &a2

where

w = esultant angular velocity

b = Angle of yaw

S= An gle oi Orientation

Assume that the minimum yaw 1. very small. Then b is ,ivon
by the equation

= t jCosft

2 2

where = amplitude of the maximumi yaw

(see appendix 2 for symbolism)

Assume that 9 can be approximated by its steady value

2

Then

c. 2

At minimum yaw cos 2  =
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R eja tion-betwgen the §a i-pauio bIL-tht xm~mY

.Hitchcock gives the following formulae f'or the
relation between the semi±-peri~od and the maximum yaw.
(s-ee ref. 1)

where
9 AN/B

A =Axial Moment of' inertia

B =£ranisverse Moment of Inertia
1i =,pin in radian2s per second.

T Period.

w, cosine of the waxcinuni yaw

0' Xuitonfl S tabili~ty factor

K 3.+)(. + JL + +6.

4>4

C 1+

The f'ormviae is based on the assumdption thait the minimum
ya* is zero. -This aesswnption-is not correct in the present
cale brut the er'ror in~troduced in this way will be small.

At tht matxiitm y~at the rate of chang~e of' orientation,
ýois given by-the-equation
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where ; is given in radians per second.

if Y is given in rhdians per foot,

then
PLx V

where

V =Velocity of the Projectile

-. a 1 /s

where

3 = Conventional ý3tability Factor.

but TV = L = Period in feet

~I+L

Hitchcock has computed k as a function of wi aut '

(see ref. 7). ýp', L, and wI were experim.entally deter-

mined. In order to compare the theory "ith the exper±-
iments, L k,-as plotted as a function ofI wf irst from the
values measured from the experimental r~ults and second
from values of L computed from the fornuulae using
measured values of wI and YL (see fig. 75). Each point

represents the uverage of d group of rounds. The symbolz
with tails represent the measured values of L ard those
without tails the computed ralues of L. As c~n be seen
the two curves have the same character but differ .omewhat
at 1arge values of the w&ximum yaw. The curves are brought
into coincidence at a point whose yaw wa3 measured from the
yaw cards and whose seni-pcriod- :'as computed ftor, the
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ýeurd aw znd .,rate o .cf:hang of' or*ientattion. The yaw
-~ c'sWei-e "no ý p~ipea furtiex. triý.n, 10 feet beyond the

b~iag soz~een, and sii-4ce twhe semiperiou is arowiu 12.1)
cou4 An.t be meAqu.'ed' dre'ot2y ýCor. sall1 yaws. AovwevG',,
measueawrts. of rkie yaw were ud tt the VýJ ft. position
from the m~uzzl'e during tile ang'u1r voe.ocity lnvc.,tigatiori
(-seer the section on the EffZect of ingular Velocity).

Assighi~132.3:_f1. is tl~ corr~ect ,iei4pe~riua for the
first maim= yaw,, teaege of the yaws measured 4t tlhis
dls~tamce i's 5shoWn~ on thle grapA by a +. sy~ibol. The correct
.-v~due probably 1lies soaiwb~ra-, betwecu tha3e two po±iat5,

* ~The sl~opes of thv expeiaýerital and ie2-~~ia
vs M curves were z~easured graphicx.ýlly anci plotTL~a iainst
the value of the ~n~ix _i~ yaw (see. 1'.Lz,. 76).

*The-aver:.ge ~iaaintLi yaw for any j~artieuiar Group at'
shuts was used to deteprnine the slope oif Lho ýei~iipriou-

mxi-ýum yaw curve from this graph. The expt1'iiimnt"1 vuiues01 te 31pe wrc uecj



Li r~eor oil W18i Caliber' .3U -Pro ýectiie .;n1± Lj; t,11

if~ tile course of' the ,ww ~ be rupresentua by a
simjple triponoract~rc fLu t;-&on of L-i time ti Lh~ njulc.r
velocity due to the rc;te o" clhw,,e Q' orie,,Ttiol c~.n be

then th theory Of Small orll.noý sys;at uIew

zin~i~ Ziergjy (at 6 113 -

-. and the

Potential iLnorgy ýAt (b a ) p4a

ana thiý t the

Kinetic -,nevey (at b u) Putottmtiai Lner,;y(ý,t 6

thaIt is

22P

where

6 angle of' yaw

13 =transverse -aowcziý ui

p= time~ L "al aco

a = amplitude Of the imixIMU Yaws

When the projectile penetrates the tipjinG screen it is
subjected to an iziapiilsive couple 01'& m~i i e

in f orque x cdt = i~ve. Torque .

According to Nehwton's laws, of wotion:

Chazge in angu~la~r mo~:1entum 3~t1. du1ive to--:v(:Q.
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I~dglecting the oici1llation. iii ya.w ja'eson~t ',)' o.,e 6t.Ikdin
the screen and assum±ne that the enitire oL~cilIatiun iii yu.w
is started by the ii~pulsive coiuple from the Upinai, 6creun.

Change in an~ular Mor~entum Z3 M

QM/B

.~P

Now

p~ Y = ýi4L 1/3 (see vcli. ~

Wher = xial ;,'omerit of liiertia

ýI pin in ,,acdians/second.
-.'ability Factor

30d 30 ~ 3 k.. -N/
3Q., 50 50 P - 5

'where

( ) 0 'uanti~ty for the C~liber .30

( Uartity of -who CIiber .50

According to the in1.tift! assumption

ra Canstant F. A~roa of the Hole x Thickness o~f
the taping Qcreen
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where

k = constant

(I culiber of the piojectile

t - thickness of the tippizn- ScI•peti.

"" -350 x t'50 x .3 /sýL3
(30 3 0 A5 0  N 0  . -0/ 50

N~OW

d 50 -0.5 inch

d30Q 0.3 inch

0 ý= 0.125 inch

t 30 0.0625 inch

A50 21.45 grain inche3 2

A3 0  1.306 grain iznches2

NS 5 14,070 rpcdians/sec

143 0  1 9,600 radians/sec

= 1.67

i 30 =1.47

30

Accordlng to assumptions =nade above, tiie 1/6" dural
screen should produce only 0.58 tYhe tipping of the caliber .50
as the 1/16"1 dural sci'een of t!he cliiber .30.
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On the zssumptiou that the bulge is -a mall cautilever
beam, once shear has taken pJlace, the equation of equi.-
librium is

4-

where

F = Force 6.eaction with the Projectile.

M = moment roquired to bend the beam.

f ultimate tensile strength of the outside fibre.

section modului.

length of the beam.

"ssume th'tt the &verage ;ectiori modulus cLf be represo ed
by a rectangular area, w wide and t thick. Since the* bulte# ; .••*
are the same size in the steel and dural, w and Will, beU
constant. "

Then
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Projectile Penetratin i/ inch L ural at Anýgle o• Impact 600.
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Projectile Penatratin: 1/s inch Dural at Angle of Impact 600.

Caliber .%') 1,l UP Service Velocity.
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